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MicroRNAs are short non-coding RNAs that selectively repress translation of 
specific mRNA transcripts. These post-transcriptional regulators orchestrate 
various important cellular events including self renewal, differentiation and cell 
type specification. We characterized miRNA expression changes during the 
differentiation of human neuroblastoma cell line SH-SY5Y through miRNA 
profiling. MicroRNA-7 was highly upregulated during neuronal differentiation in 
vitro, suggesting an analogous potential role for miR-7 during neural development 
in vivo. Expression of miR-7 by LNA in-situ in zebrafish embryos revealed a very 
restricted expression pattern in the ventral part of the forebrain region in specific 
regions like the telencephalon, pituitary and hypothalamus. We demonstrated that 
ectopic expression of this microRNA in both neural cell lines and zebrafish resulted 
in early neurogenesis and resulted in a more glial cell phenotype particularly giving 
rise to more number of oligodendrocytes and less neurons. Loss of function resulted 
in an increase in dopaminergic neurons in the ventral part of the forebrain region in 
zebrafish and in cell lines.  To identify target genes regulated by miR-7, we profiled 
the global changes in gene expression following miR-7 ectopic expression in 
ReNVM and neural progenitor cells derived from human ES cells. MiR-7 represses 
around 143 targets, including some of the basic Helix-Loop-Helix (bHLH) family 
of transcription factors. The key targets repressed by microRNA-7 were TCF/LEF 
family members which act as downstream effectors of Wnt/β-catenin signaling 
pathway. Using transgenic Wnt TCF reporter lines in zebrafish and the 
TOP/FOPflash assay we showed that this microRNA negatively regulates the Wnt 
signaling pathway. It’s well known Wnt and sonic hedgehog pathways are 







Overexpression of microRNA-7 in SHH: GFP transgenic line in zebrafish embryos 
resulted in an increase in SHH+ cells further supporting our claim that miR-7 
directly regulates the Wnt- β-catenin pathway. SHH is known to directly induce 
Olig2 expression which results in the production of oligodendrocytes. MiR-7 
overexpression resulted in an increase in Olig2+ cells. Together, we report the role 
of a microRNA in maintaining a pool of progenitor cells and balancing both the 
glial and neuronal phenotype in the central nervous system by negatively regulating 
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CHAPTER 1: INTRODUCTION  
 
 
1.1 Introduction to microRNAs  
 
MicroRNAs (miRNAs) are 21-25nt long noncoding gene products that post 
transcriptionally regulate gene expression. MiRNAs recognize and bind to partially 
complementary sequences on the mRNA’s 3′UTR, inhibiting its expression by 
translation repression or degradation. MicroRNA’s target around 60% of all genes 
and are abundantly present in human cells and are able to repress around hundred 
targets each. In the latest release of Mir Base (v.15) more than 14000 microRNAs 
have been annotated, highlighting the rapid growth of this field of research.  
Recent research has identified the presence of microRNA’s in blood mainly in 
plasma , platelets and erythrocytes(Creemers, Tijsen et al. 2012). These circulating 
microRNAs which play roles in cell to cell communication are found to be 
surprisingly stable and can be packaged in micro vesicles, exosomes and apoptotic 
bodies.  
 
1.1.1 Biogenesis of microRNA 
Most miRNA genes are transcribed by RNA polymerase II (Pol II) to generate a 
stem loop structure containing primary microRNA (pri-miRNA). Pri-miRNA’s are 
polyadenylated, contain 5’ cap structure and may be spliced. The sequential 
cleavages of miRNA maturation are catalyzed by two RNase-III enzymes, Drosha 
and Dicer. Both are dsRNA-specific endonucleases that generate 2-nucleotide-long 
3′overhangs at the cleavage site. Drosha is predominantly localized in the nucleus 
and contains two tandem RNase-III domains, a dsRNAbinding domain and an 
amino-terminal segment of unknown function. Regardless of the diverse primary 
sequences and structures of pri-miRNAs, Drosha cleaves these into ~70-bp pre-
miRNAs that consist of an imperfect stem-loop structure (Bartel 2009)  
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The pre-miRNA hairpins are exported to the cytoplasm by Exportin-5 where they 
are further processed into unstable, 19-25 nt miRNA duplex structures by the 
RNase III protein Dicer (Sontheimer 2005). Subsequently, one strand (passenger 
strand) of the duplex is eliminated and the other strand (guide strand) is 
incorporated into the RNA induced silencing complex (RISC) (Wheeler et al., 
2006).  
MicroRNA’s direct RISC to bind to mRNA’s and result in either mRNA cleavage 
in the case of perfect complementarity or translational repression if there is only 
partial complementarity with the mRNA sequence. 
 
1.1.2 Targets of microRNA: 
Each MicroRNA may regulate hundreds of genes to control a cell’s response to 
developmental and other environmental cues. The best way to identify microRNA 
function is to identify the genes it regulates. MicroRNA’s bind to the 3’UTR region 
of mRNA and result in translational repression in the case of animals or in plants 
mRNA degradation occurs. Binding of microRNA to the mRNA sequences occurs 
via a seed match region of 6-8mer at the 5’ end of the microRNA. (Thomas, 
Lieberman et al. 2010). Algorithms based on seed pairing and evolutionary 
conservation became a powerful tool for identifying microRNA regulated genes 
(Bartel 2009). The current predictions by Target Scan, PicTar, EMBL, and ElMMo 
have a high degree of overlap because they all require stringent seed pairing. 
Although most reports into metazoan miRNA function have indicated 3’UTR as 
the target site there have also been recent reports of microRNA targeting via the 







1.1.3 MicroRNA functions: 
MicroRNA’s play an important role in regulating many different physiological and 
pathological function, including stem cell self-renewal, differentiation and within 
diseases like neurodegenerative disorders, cancer. Many microRNA’s are 
expressed in a tissue specific manner and their functions can be attributed to the 
mRNA’s they regulate in each tissue. 
For example dicer knockout in the mouse pancreas leads to a reduction of 
pancreatic endocrine cells and depletion in insulin secretion. MiR-375 is a pancreas 
enriched microRNA which upon morpholino knockdown results in severe delay 
and defect in the development of the pancreas in zebrafish. In mouse miR-375 
knockdown results in specific reduction of β-islet cells and impaired glucose 
metabolism (Poy, Hausser et al. 2009).  
Dicer deletion specifically in the heart of mouse has revealed importance of 
microRNA’s in heart development. MiR-1 and miR-133 are cardiac specific 
microRNA’s which upon knockout result in hyperplasia and sustained cardiac 
hypertrophy respectively (Care, Catalucci et al. 2007).   
Moreover, microRNA’s have demonstrated to be essential for neural development. 
Mammalian brain tissues express about 70% experimentally detected microRNA’s 
many of which are developmentally regulated. One of the most abundant and well-
studied microRNA in the central nervous system (CNS) is miR-124. This 
microRNA is found to be up regulated during CNS development and during 
differentiation of adult neural stem cells. Several reports have identified the role of 
miR-124 in neuronal identity, neuronal differentiation and CNS development. The 
expression of miR-124 is regulated by RE-1 silencing transcription repressor 
(REST) in neural stem cells and has been found to directly target anti-neural 
phosphatase SCP1 (Visvanathan, Lee et al. 2007). MiR-124 has been reported to 
play a role in adult neurogenesis in the SVZ region by directly targeting Sox9 
(Cheng, Pastrana et al. 2009).  Ectopic expression of this miR in HELA cells 
suppresses 100 non-neuronal genes with seed matched to miR-124 and thereby 
drives the gene expression profile towards a brain-like transcriptome.  
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MiR-9a is another neuronal specific microRNA which has been found to have a 
role in the organization of midbrain-hindbrain boundary by targeting member of 
the FGF signaling pathway. miR-7 regulates differentiation of photoreceptor 
neurons in Drosophila by targeting Yan (Bushati and Cohen 2007). 
Recent reports have identified microRNA’s to play a role in neurological disorder 
like Parkinson’s disease which results due to the death of Dopaminergic neurons (a 
specific neuronal subtype). miR-133b is a midbrain specific microRNA which was 
found to be deficient in Parkinson’s midbrain tissue. miR-133b was found to play 
a key role in the maturation of the DA neurons within a negative regulatory 
feedback loop involving paired like homeobox domain transcription factor PITX3 
(Kim, Inoue et al. 2007).   
 
1.2   Development of the nervous system:  
 
The development of the nervous system involves three main processes namely 
neural induction, neurulation and regional specification. 
 
1.2.1 Neural induction  
 In the early embryo the first step in neural development is subdivision of the 
ectoderm into neural and epidermal domains. This process is referred to as neural 
induction. The neuroectoderm is then partitioned into three non-overlapping 
regions with different homeobox transcription factors known as neural identity 
genes. In the early phase of neural induction BMP signaling represses neural gene 
expression and promotes ectodermal genes. BMP antagonists SOG/Chodrin result 
in the neural fate by binding to the BMPs and preventing their access to their 
receptors. Various other BMP antagonists like Noggin, DAN, follistatin and other 
neural inducing molecules, such as Cerebrus and Xnr3 permit neurogenesis to 
proceed (Munoz-Sanjuan and Brivanlou 2002) (Mizutani and Bier 2008).  
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Studies in chick embryos have questioned the default neural model involving the 
inhibition of BMP signaling as a prime reason for neural induction suggesting 
importance of other signaling molecules involved in neural induction. 
Inhibition of the TGF-β signaling pathway has been proposed to promote neural 
induction. The TGF-β superfamily of ligands includes the BMPs, growth and 
differentiation factors (GDFs), anti-mullerian hormone (AMH), Activin, Nodal and 
the TGFβs.  BMP4 is a member of the TGF- β family and is secreted from the 
notochord. BMP4 limits the extent of neurogenesis in Xenopus embryos by 
inducing epidermis. Noggin inhibits the TGF- β signaling pathway by binding to 
BMPs along with other TGF- β inhibitors (Munoz-Sanjuan and Brivanlou 2002). 
By recapitulating neural development, (Lamb., Knecht. et al. 1993) and 
(Valenzuela 1995) showed that Noggin directly induced neural tissue, and was an 
endogenous neural inducer. Subsequently, recombinant Noggin has been used in 
several human embryonic stem cell (hESC)neural induction protocols  (Chambers, 
Fasano et al. 2009). The drug SB431542 along with Noggin was shown to enhance 
neural induction by inhibiting Lefty/Activin/ TGF- β signaling pathways by 
blocking the phosphorylation of Alk4, Alk5 and ALk7 receptors.  
1.2.2   Neurulation: 
In vertebrates neurulation involves the formation of the neural tube which gives 
rise to both the brain and the spinal cord. Neural crest cells are created during the 
process of neurulation. The process begins with the formation of the neural plate, 
thickening of the ectoderm when cuboidal epithelial cells become columnar. 
Changes in cell adhesion and cell shape causes the plate to fold, rise meeting in the 
midline to form the neural tube. Soon after the neural tube is formed the forerunners 
of the major brain regions become apparent as a result of morphogenetic 
movements that bend, fold, and constrict the neural tube (Neuroscience 2nd Edition, 





1.2.3 Patterning and regional specification of the CNS  
After the neural tube is formed patterning occurs which is important to regionalize 
neural cell fates along the anterior-posterior (AP) and dorso-ventral (DV) axis. The 
primitive neuroepithelium of the neural tube is organized by various signals. These 
signals emanate from the floor plate (SHH) and from the roof plate (WNT and 
BMP). These signals provide positional information through morphogen gradients 
in the dorso-ventral, anterior-posterior and medial-lateral axis.  
 
1.2.3a Sonic Hedgehog (SHH) and FGF8 pathway  
Sonic Hedgehog (SHH) controls important developmental processes including 
dorsoventral neural tube patterning, neural stem cell proliferation and neural, glial 
cell survival. SHH is essential for organizing structures in the ventral midline such 
as the notochord and floor plate. This signaling pathway organizes the neural tube 
by establishing distinct regions to transcription factors Nkx, Pax and Dbx. SHH 
levels are crucial to determine cell fate as SHH is found to act directly on the target 
cells (Rowitch and Kriegstein 2010). SHH mediated signaling is antagonized by 
patched GLI3, HIP1 and dorsal WNT, BMP signals.  
Along the AP axis, FGF8 is secreted by the isthmic organizer at the midbrain-
hindbrain boundary. Transgenic mouse analyses, quail-chick chimeras and FGF8 
delivery by ligand-soaked beads have demonstrated that FGF8 signaling is critical 
to midbrain patterning  (Crossley and Minowada 1996). In the midbrain, FGF8 
shifts the isthmus forward and converts midbrain into hindbrain, while in the caudal 
diencephalon, FGF8 induces an ectopic isthmic organizer which converts the 
surrounding diencephalon into midbrain tissue. The difference in activity is again 
due to the dose-dependent response to the classic diffusible morphogen FGF8. A 
strong FGF8 signal activates the extracellular signal-regulated kinase (ERK) 
pathway to induce cerebellar development. On the other hand, a lower level of 
FGF8 signaling induces midbrain development (Sato, Joyner et al. 2004) by 
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inducing expression of midbrain transcription factors such as EN1/2, PAX2 and 
WNT1. 
BMPs provide patterning information in the dorsal and intermediate regions of the 
neural tube. In combination with SHH BMP sets the expression domains for Pax6 
and Pax7 (Timmer 2002). The BMP pathway regulates the dorsal expression of the 
bHLH transcription factors.  
 
1.2.3b Wnt signaling pathway 
Wnt proteins are secreted glycoproteins with post-translational modification 
(palmitoylation) essential for their function. These ligands signal through their 
frizzled receptors which are seven transmembrane proteins. Wnt signaling 
pathways are divided as canonical and non-canonical pathway. The non-canonical 
pathway is independent of β-catenin transcriptional function. The canonical 
pathway requires the interaction of the FZ proteins with their co-receptors low 
density lipoproteins LRP5 and LRP6. The Wnt-Fz complex activates Dishevelled 
(DVL), cytoplasmic protein that brings together components of the pathway for 
transduction. In the canonical pathway activated DVL induces disassembly of a 
complex consisting of AXIN, adenomatosis polysis coli (APC), and glycogen 
synthase kinase 3β (GSK3β) and β-catenin. Activation of the pathway leads to 
GSK3 β inhibition, which further results in increase of β-catenin in the cytoplasm, 
its translocation to the nucleus and formation of β-catenin-T-cell specific 
transcription factor (TCF) complex that activates transcription of target genes 
(Fig.1). There is no consensus on the mechanism by which β-catenin travels 
between the cytoplasm and nucleus. β-catenin can also be actively transported back 
to the cytoplasm, by either an intrinsic export signal or as Axin’s cargo (Cong, 





In the absence of Wnt, the cytoplasmic β-catenin is constantly degraded by the 
action of the Axin complex. CK1 and GSK3β sequentially phosphorylate amino 
terminal of β-catenin which is recognized by β-Trcp which results in β-catenin 
ubiquitination and proteasomal degradation. This continuous elimination of β-
catenin prevents it from entering the nucleus and Wnt target genes are repressed by 




Figure 1 : Illustration shows the Canonical Wnt- β-catenin pathway in the ON and 











TCF/ LEF family of transcription factors 
Activation of Wnt signaling leads to the accumulation of β-catenin in the nucleus 
where it binds to the DNA-bound TCF transcription factors. The fly and the worm 
genomes both encode for a single TCF protein whereas the vertebrate genome 
encodes for four Tcf/Lef genes. The consensus TCF motif is AGATCAAAGG and 
the widely used reporter to study Wnt activity pTOPFLASH has concatemers 3-10 
of this binding motif clones upstream of a minimal promoter. In the Wnt off state 
as indicated in the figure 1a TCF interacts with Groucho which is a transcription 
repressor and prevents gene transcription. In Wnt ON state association of β-catenin 
transiently converts TCF into a transcriptional activator of its target genes.  
 
Wnt signaling functions: 
Wnt signals activate transcriptional programs hence there is no single intrinsic 
restriction in the kind of biological event that is controlled by these programs. Thus, 
Wnt signals can promote cell proliferation and tissue expansion but also control 
cell fate determination or terminal differentiation of post-mitotic cells.  
Wnt signaling is found to play an important role during various stages of neural 
development. In the early embryo Wnt signaling plays an important role in anteri-
posterior patterning and to direct cell migrations during neural crest development. 
There is an endogenous AP gradient of Wnt/ β-catenin signaling in the neural tube 
of Xenopus embryos  (Kiecker and Niehrs 2001). These data on the use of loss- and 
gain-of-function β-catenin mutants in mice demonstrate that β-catenin controls 
many aspects of neural crest cell development, including survival, progenitor cell 
expansion, and important lineage decisions. These data, together with experiments 
in Xenopus, zebrafish, chick, and mouse, suggest that Wnt signaling acts at several 
stages of neural crest development. At an early stage, Wnt appears to instruct 
neuronal progenitors that migrate to the dorsal spinal cord to assume a neural crest 
cell fate  (SAINT-JEANNET, HE et al. 1997, Lewis, Bonner et al. 2004), whereas 
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at later stages, Wnt induces expansion and lineage decisions of the neural crest 
cells. 
1.3 Components of the nervous system  
 
Before the onset of neurogenesis the neural plate is composed of neuroepithelium 
cells. The neuroepithelial cells show epithelial features and are polarized along the 
apical-basal axis. Neuroepithelial cells are a class of stem cells which have the 
ability to self renew. After the onset of neurogenesis the neuroepithelium cells give 
rise to radial glial cells which still retain the residual neuroepithelial characteristics 
as well as astroglial features (Gotz and Huttner 2005). In terms of potential, while 
neuroepithelial cells can differentiate into neurons, astrocytes and 
oligodendrocytes, most radial glia are restricted to the generation of a single cell 




Neurogenesis is the birth of neurons which occurs in the sub ventricular zone (SVZ) 
where the neural stem cells reside and the sub granular zone (SGZ) in the 
hippocampus. Neurons can be classified based on the direction they send 
information, based on the number of extensions that extend from the cell body and 
also based on polarity. They can also be divided into different types depending on 
the neurotransmitters they release as follows: 
 Cholinergic neurons: Acetylcholine is released from presynaptic neurons 
into the synaptic cleft. 
 GABAnergic neurons: GABA is one of the neuroinhibitors in the CNS other 
being Glycine. 
 Glutamatergic neurons  
 Serotogenic neurons: Releases serotonin.  
 Dopaminergic neurons: Dopamine is the neurotransmitter released which is 






Dopaminergic neurons (mDA) loss of which results in Parkinson’s disease are 
located in pars compacta a small region in the substantia niagra of the midbrain 
region. It’s well known now that various transcription factors and signaling 
molecules play important roles in the induction of the midbrain dopaminergic 
neurons and also in their maintenance (Smidt and Burbach 2007). SHH generated 
from the notochord and FGF8 from isthmus result in the induction of the mDA 
neurons. TGFβ signaling is found to play an important role in inducing mDA 
neurons. Wnt ligands (Wnt1 and Wnt5A) play roles in inducing engrailed (EN) 
genes which have a role during the later stages of mDA neuron development. Other 
transcription factors which play roles during mDA neuron development have been 
identified from various loss of function studies include NURR1, LMX1A, LMX1B, 
PITX3, FOXA2, and MSX1 (Fig.2) . Among these LMX1A is an early activator of 
DA neurons which activates MSX1 which in turn results in Ngn2 activation which 
eventually results in TH+ DA neurons. LMX1A has been found to be sufficient to 
induce DA neurons. LMX1A and MSX1 are intrinsic determinants of DA neurons 
(Andersson, Tryggvason et al. 2006). The DA progenitor profile in ventral midbrain 
is defined by LMX1A/MSX1/NKX6.1. LMX1B, PITX3, NURR1 and En1 are only 
needed for mature neurons and not for induction. PITX3 is specific to the mature 





Figure 2: Illustration indicating the various transcription factors which play crucial 
roles during the development of DA neurons in the midbrain (Andersson, 
Tryggvason et al. 2006). 
 
1.3.2 Glial cells  
Glial cells are non-neuronal cells which provide homeostasis in the brain, form 
myelin and provide support and protection to the neurons in the brain and peripheral 
nervous system. They are subdivided as macroglia and microglial cells. Microglial 
cells are type of glial cells that are resident macrophages in the brain and spinal 
cord and that act as first and main form of active defense in the CNS. The origin of 
microglial cells is from the mesoderm in contrast to the origin of macroglia which 
are derived from the neuroectoderm. Macro glia is mainly composed of 
oligodendrocytes and astrocytes. Gliogenesis generally follows neurogenesis in the 
developing mammalian CNS with the shift of developmental programming from 







1.3.2a   Oligodendrocytes: 
 
Oligodendrocytes are glial cells which originate in the ventricular zone and help in 
myelinating the neurons. Myelination by oligodendrocytes is essential for rapid and 
efficient propagation of action potentials throughout the CNS. Forebrain 
oligodendrocytes originate from the progenitors in the embryonic ventral 
telencephalon. This embryonic wave of oligodendrocytes is transitory and 
superseded by oligodendrocytes originating later in development from the dorsal 
telencephalon (Spassky, Goujet-Zalc et al. 1998).  The number of differentiated 
oligodendrocytes depends on the proliferation of the OPC (Oligodendrocyte 
precursor cell). If proliferation of OPC terminates prematurely it results in deficits 
as the right number of oligodendrocytes are not formed to populate the CNS. On 
the other hand if the proliferation is delayed it eventually leads to hypomyelination. 
From their sites of origin OPCs migrate to form the white and gray matter. During 
oligodendrocytes development distinct molecular markers are expressed 
(Fig.3).(Huang, Zhao et al. 2013). Interestingly, oligodendrocytes continue to be 
produced in the adult brain and are involved in myelin repair in case of injury 









Figure 3: Various specific markers are expressed at different stages of 
oligodendrocyte development (Huang, Zhao et al. 2013).  
 
The most frequent disease associated with loss of oligodendrocytes is multiple 
sclerosis. It results as a result of loss of myelin in defined regions of the brain and 
spinal cord which leads to impairment of axonal conductance.  
 
1.3.2b Astrocytes:  
Astrocytes or astroglia are star shaped glial cells in the brain and spinal cord. They 
perform various important functions like giving biochemical support to the 
endothelial cells in the brain, provision of nutrition to the neurons and repair of the 
brain and spinal cord following traumatic injuries. Astrocytes are also known to 
influence multiple aspects of synaptic transmission by maintaining extracellular 
homeostasis. GFAP is a marker for terminally differentiated astrocytes. Other 
markers include S100-β, FGFR3 and nuclear factor 1A/B ( NF1A/B) (Molofsky, 
Krenick et al. 2012).  
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1.4 Signaling pathways and extrinsic cues which regulate neurogenesis  
 
Building the entire nervous system involves the production of the right number of 
neurons and glia and making sure they are in the right position. It’s also important 
that the entire process of neurogenesis occurs in a timely manner. Various signaling 
pathways make sure that the progenitors deplete in a timely manner to generate the 
neurons and glia as listed below. 
 
1.4.1 Notch Signaling: 
Notch signaling links the fate of one cell to its neighboring cell and consequently 
controls proliferation, differentiation and apoptotic events in metazoan tissues. 
Lateral inhibition mediated by the Delta-Notch signaling pathway makes sure only 
few cells about the neural fate and the rest stay as neural precursors. In the nervous 
system of vertebrate embryos Notch expression is associated with proliferative 
zones or the undifferentiated cells whereas Delta expression is in the premature 
neurons. All neural progenitors are equivalent at first expressing proneural genes 
and notch ligands (Dll1) at equal levels. With time one cell expresses more Delta 
adopts a neural fate and inhibits the neighboring cells from adopting a neural fate. 
Hence the neural progenitor status of few cells is maintained so that they can be 
used later on in development. Failure of notch signaling results in early 
differentiating neurons accompanied by the loss of later-differentiating types 









1.4.2 Cell cycle length in neurogenesis  
The progression of neural epithelial cells to radial glial identity and their 
progression from proliferation to neurogenic divisions has been linked to the 
lengthening of the cell cycle particularly the G1 phase. Overexpression of PC3 a 
rat analogue of Tis21- which inhibits G1-S phase transition is found to be sufficient 
to increase neurogenesis and it inhibits the neuroepithelial cell proliferation at the 
same time. If the cell cycle is too short both daughter cells will adopt a symmetric 
fate and continue to proliferate. In cases when the cell cycle length is too long the 
extrinsic cell fate determinant is able to induce differentiation in both daughter 
cells. Hence cell cycle length plays a crucial role in determining the timing of 
differentiation.  
 
1.4.3 Wnt signaling  
The canonical Wnt pathway promotes the neuroepithelial and radial glia identity. 
Reduction of the Wnt ligands or the removal of the canonical pathway component 
β- catenin results in precocious neuronal differentiation. Increased Wnt signaling 
results in stem cell renewal during postnatal neurogenesis. Overexpression of Wnt 
protein or constitutive activation of β-catenin at an early stage of neural 
development significantly inhibits the expression of mature oligodendrocyte 
markers. 
 
1.4.4   Proneural genes 
Both neurons and glia are formed from the same multipotent progenitors in a 
temporally coordinated manner. Proneural genes have been found to play roles in 
promoting neuronal fate and inhibiting the glial fate indicating their importance in 
regulating the switch between neurogenesis and gliogensis. In mice doubly mutant 
Mash1 and Ngn2 has found to block neuronal differentiation and promote 
premature differentiation of astrocytes. (Bertrand, Castro et al. 2002) 
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1.4.5 TGF-β signaling 
Exogenous TGF- β1 signaling strongly inhibits neurogenesis by arresting the neural 
stem cells at the cell cycle. Neural stem cells and progenitors are inhibited in their 
proliferation by both TGF-β and BMPs (Krampert, Chirasani et al. 2010). Infusion 
of TGF-beta1 into the ventricles of the adult rat brain revealed a reduced amount of 
proliferating cells in the hippocampus and in the SVZ. Further, infusion of TGF-
beta1 lowered the number of DCX expressing neuronal precursor in these 
neurogenic niches. This reduced level of proliferation is strongly correlated with an 
increased accumulation of phospho-Smad2, an effector of TGF-beta signaling in 
Sox2/GFAP-expressing cells of SGZ in the TGF-beta1 infused brains. Besides, in 
an in vitro study, treatment of TGF-beta1 in the neurosphere cultures reduced the 
proliferation of stem cell and progenitor cells and induced a shift to G0 phase of 
the cell cycle. Recent findings strongly support the hypothesis that defects in the 
progenitor proliferation and an induced NSC quiescence are coordinated by TGF- 
















1.5 Motivation of the thesis  
 
As we have reviewed earlier there have been various reports indicating the role of 
microRNA’s in development and diseases. Though numerous microRNA’s have 
been annotated and identified the functional role of each of them have not been 
completely discovered especially in the context of gene regulatory networks in 
cellular processes. We started out this project to identify the microRNA’s which 
play important roles in neurogenesis. MicroRNA-7 intrigued us because it’s a 
highly conserved microRNA from annelids to humans. . The expression pattern of 
microRNA which we performed in the zebrafish embryos and adult stages revealed 
it to be specific to regions like the forebrain and the pancreas (both the organs share 
a plethora of common transcription factors). There were not many reports which 
identified the functions of this particular miR. Using a robust in-vitro model system 
from human ES and zebrafish in-vivo model we sought out to completely 
understand the function of this miR in vertebrate neuron development. Using 
microarray and bioinformatics prediction software we identified some of the key 
targets which are down regulated by microRNA-7. Our study identified miR-7 to 
be involved in negatively regulating the Wnt signaling pathway and hence 
controlling the neuronal and glial fate from neural stem cells.  
 
1.6 Objectives of the thesis: 
1.6.1 To demonstrate the function of microRNA-7 in neurogenesis and gliogenesis 
of human neural stem cells and to identify the downstream targets of miR-7. 
1.6.2 To investigate the function of microRNA-7 in-vivo by using zebrafish as a 






CHAPTER 2: MATERIALS AND METHODS 
 
 
2.1 Cell culture conditions: 
 
Human embryonic stem cells H9 (passages 25-35) were maintained on matrigel 
coated plates in mTESR medium under feeder free conditions. ReNCell VM cells 
were maintained in DMEM/F12 supplemented with 1% L-Glutamine, 1% NEAA, 
1x N2 supplement and 20ng/ml of bFGF, 20ng/ml of EGF.  HEK293T cells were 
maintained in DMEM medium supplemented with 10% fetal bovine serum, 1% L-
Glutamine, 1% Sodium pyruvate and 1% penstrep. 
 
2.2 Neural induction: 
 
H9 cells at about 20% confluency were treated with 4μM CHIR99021 (GSK3 
inhibitor, Cellagentech), 3μM SB431542 (TGFβ signaling inhibitor, Cellagentech), 
0.1μM Compound E (γ-Secretase Inhibitor XXI, Millipore) in neural induction 
medium containing Advanced DMEMF12: Neurobasal medium (1:1) 1xN2, 
1xB27, 1% Glutamax, 5 μg/mL BSA and 10 ng/mL hLIF (Lifetech), for 7 days. 
The culture was then split 1:3 for the next six passages using Accutase and cultured 
in neural induction media supplemented with 3 μM CHIR99021 and 2 μM 
SB431542 on matrigel coated plates in addition bFGF ( 20ng/ml) and EGF ( 
20ng/ml) were added to sustain proliferation of cells. After six passages, the cells 
were split in the ratio 1:10 regularly. During the initial few passages, overnight 
treatment with the ROCK inhibitor (Y-27632, 5 μM, Cellagentech) was also used 







2.3 Neuronal differentiation: 
 
Spontaneous differentiation from H9 ES derived NPC was performed in 
DMEM/F12: Neurobasal medium (1:1), 1xN2, 1xB27, 300 ng/mL cAMP (Sigma-
Aldrich) and 0.2 mM vitamin C (Sigma-Aldrich) (referred to as differentiation 
media) on matrigel coated plates. The medium was supplemented with 10ng/ml 
BDNF and 10ng/ml of GDNF for 14 days. 
Differentiation medium (N2B27) for the ReNVM cells comprised of DMEM/F12: 
Neurobasal (1:1), 0.5x N2, 0.5x B27, 1% L-Glutamine, 1% NEAA. For 
dopaminergic neuron differentiation, cells were first treated with 200 ng/mL SHH 
(C24II), 100 ng/mL FGF8b (both from peprotech) and 200μM Ascorbic acid in 
N2B27 differentiation media for 7 days for initial patterning and then with 20 
ng/mL BDNF, 20 ng/mL GDNF, 1 ng/mL TGF-β3 and 0.2m M dibutyryl cyclic 
AMP (Sigma-Aldrich) for another 14–21 days.  
 
 
2.4 Transfection of microRNA duplexes and antisense oligonucleotides  
 
ReNVM cells (passage less than 20) and human NPCs (passage less than 10) were 
seeded at 100,000 cells/ well on matrigel coated plates. On the next day, 4ul of 
Lipofectamine RNAimax (Invitrogen) according to the manufacturer’s instructions, 
the cells were transfected with one of the following RNA oligonucleotides at 50 
nM or 80 nM final concentration. Scrambled duplex (Ambion PremiR negative 
control 1), miR-7 duplex (PremiR). miRNA antisense or control miRNA antisense 
were transfected at 100 nM concentration. After 5hours, the transfection medium 
was replaced with fresh growth medium or neuronal differentiation medium or 









2.5 RNA extraction and qRT–PCR 
 
RNA was extracted from cells or zebrafish embryos using Trizol reagent 
(Invitrogen) and subsequently column-purified with RNeasy kits (Qiagen) and 
miRNEASY kit was used for isolation of the microRNA.  For qRT–PCR of the 
microRNA 100 ng of total RNA was reverse-transcribed using the taqman 
microRNA RT kit and subjected to taqman miRNA assay (Applied Biosystems). 
For qRT–PCR of mRNAs, cDNA synthesis was performed with 1 μg of total RNA 
using the High Capacity cDNA RT kit (Applied Biosystems). The expression of all 
other genes was analyzed by SYBR assay (Applied Biosystems) and using ABI 
Prism 7900HT Sequence Detection System 2.2 (Applied Biosystems). To test the 
differentiation genes both neuronal and glial Fluidigm platform was used with the 
Evagreen dye following manufacture’s protocol. The primers were designed using 
the Primer3 software http://bioinfo.ut.ee/primer3-0.4.0/primer3/ and the NCBI 
design primer tools. The primers were checked for their GC content and any 
secondary structure formation using OligoCalc. The list of primers used have been 
shown in Table 1.  
 




Forward primer Reverse primer 









hMAP2 5'-GGTCACAGGGCACCTATTCA-3' 5'-TGTTCACCTTTCAGGACTGC-3' 
hMEIS2 5'-CCAGGGGACTACGTTTCTCA-3' 5'-TAACATTGTGGGGCTCTGTG-3' 
h SYT5 5'-ACCTGCTGCCGGACAAACGG-3' 5'-ACGTAGGGGACCTTGAAGGCGA-3' 
hMSI 5'- GGCAGACTACGCAGGAAGGGC-3' 5'- GTCGAGCTCGTGCCGCGATT -3' 
hCTDSP2 5'-CCAGCTGGCCGTGAAGAGGC-3' 5'-GGACACGGGGCGGTTTCCAG-3' 









NURR1 5′-TAAAAGGCCGGAGAGGTCGTC-3′ 5′-CTCTCTTGGGTTCCTTGAGCC-3′ 
ISLET1 5’-AAGGACAAGAAGCGAAGCAT-3’ 5’-TTCCTGTCATCCCCTGGATA-3’ 
TCF12 5'-TATCCTGTCCCTGGAATGGG -3' 
 
5'- AATTGTGGGTCCCATCTTGC -3' 
SOX2 5’-TTGCTGCCTCTTTAAGACTAGGA-3’ 5’-CTGGGGCTCAAACTTCTCTC-3’ 
Neurog2 5’-GGCACAGTTAGAGCCAACTAAGA-3’ 5’-CCGAGCAGCACTAACACG-3’ 
Olig2 5'-ATCGCATCCAGATTTTCGGG-3' 5'-CGGCAGAAAAAGGTCATCGG-3’ 
 
Pitx3 5'-GCTGTCAGACGCTGGCAC-3' 5'-CGAAGCTGCCTTTGCATA-3' 
Sox10 5'-AGCCCAGGTGAAGACAGAGA-3' 5'-ATAGGGTCCTGAGGGCTGAT-3' 
LMX1A 5'-CCTCCGGGTCCCTTACAGT-3' 5'-ACCGCTCTGCCCAGCA-3'   
 
Actin 5’-TTTGAATGATGAGCCTTCGTGCCC-3’ 5’-GGTCTCAAGTCAGTGTACAGGTAAGC3’ 
S100B 5'-GAAGGGAGGGAGACAAGCAC-3' 5'-CCTCCTGCTCTTTGATTTCCTCT-3' 
GFAP 5’-CTGCGGCTCGATCAACTCA-3’ 5’- TCCAGCGACTCAATCTTCCTC-3’ 
SYP 5’-CTGCAATGGGTCTTCGCCAT-3’ 5’-CTCTCGGTCTTGTTGGCACA-3’ 
PDGFRα 5’-AGGTGGTTGACCTTCAATGG-3’ 5’-TTTGATTTCTTCCAGCATTGTTG-3’ 
LMX1B 5'-ATGGAACAGAGCCCCTACG-3' 5'-TGTCATGGAAGATGGAGTCG-3' 
MBP 5'-AGTGTTCGGAGAGGCAGATG-3' 5'-CGGGAAAAGAGGCGGATCAA-3' 
REST 5’-GCTGCGCGAATACAGTTATGG-3’ 5’-CAGGGCCATTCCAATGTTGC-3’ 
Cyclin D1 5′-CTGGCCATGAACTACCTGGA-3′  5′-TCACACTTGATCACTCTCG-3 
 
 
2.6 Immunostaining  
 
The cells were fixed using 4%PFA for half hour and then washed with PBS once. 
Blocking was done for one hour using 300µl of PBS, 10% goat serum and 0.1% of 
tritonX. After blocking the primary antibody was used with dilutions stated in Table 
2 in 300µl of PBS, 1% goat serum and 0.1% tritonX and put at 4ºC overnight. The 
next day secondary antibody conjugated with a fluorophore was added at dilutions 




Table 2: List of primary antibodies used in immunostaining 
 
Antibody name Company Species Dilution used 
Sox2  Santa cruz Rabbit 1:200 
Vimentin Santa cruz Mouse 1:200 
Nestin Abcam Mouse 1:500 
Pax6 Covance Rabbit 1:300 
Musashi1 Abcam Rabbit 1:500 
 MAP2 Abcam Mouse 1:500 
TUJ1 Abcam Mouse 1:500 
TH Millipore Rabbit 1:500 
NURR1 Santa cruz Rabbit 1:200 
PITX3 Millipore Rabbit 1:300 
Olig2 Millipore Rabbit 1:300 
GFAP Abcam Rabbit 1:500 





Table 3: List of secondary antibodies 
 
Antibody name Company Dilution used 
Alexa Fluor® 488 
F(ab')2 Fragment of 






Alexa Fluor® 594 Goat Anti-











2.7 Gene expression microarray and data analysis 
 
Total RNA was extracted as described above. A total of 750 μg of total RNA was 
reverse transcribed, converted to cRNA, labeled, purified, and applied onto the 
human HT-12 v4 beadchip kit according to the manufacturer's instructions. First, 
the respective backgrounds were subtracted from all the raw data using Bead Studio 
(Illumina) and then normalized using the cross-correlation method. Subsequently, 
normalized data were processed for the identification of differentially expressed 
genes using log2 1.5-fold as the critical value for the mean of log2 n-fold changes 
in expression between miR-7 duplex samples and the scrambled controls. 
Genes that were differentially expressed two days after the transfection of 7-DP 
were subjected to Gene Ontology (GO) analysis .The percentage of these genes 
classified into each GO process was compared with that of the whole genome. 
Statistically significant (P < 0.05) classes were selected. For the clustering of genes 
differentially expressed 2 days post transfection, normalized and log2-transformed 
data were subtracted from the mean values across all the arrays. Hierarchical 
clustering was then performed for these processed data using average linkages. 
 
2.8 Target prediction 
 
The targets of miR-7 were predicted by four different methods, Targets Scan 6.2, 
mirBASE target, microcosm (EBI) using default parameters. The downregulated 
genes from microarray were compared to Target Scan 6.2 predictions and only the 









2.9 Luciferase reporter assay  
 
miRNA response element ( MRE) or the entire 3’UTR of mPax6, hTCF12 and 
partial 3’UTR – b fragment (containing the seed match) of human TCF4 were 
cloned into psiCHECK2 vector (Promega) between the Xho1 and Not1 sites 
immediately 3’ downstream of the Renilla luciferase gene. The top (sense) and 
bottom (antisense) strands of each MRE were designed to contain XhoI and NotI 
sites, respectively. After synthesis, these were annealed and ligated into the 
psiCHECK-2 vector. Ten nanograms of each psiCHECK2 was co-transfected with 
10nM 7-DP or scrambled duplex into HEK-293T cells in a 96-well plate using 
Lipofectamine-2000 (Invitrogen). After 48hrs, the cell protein extract was obtained, 
and firefly luciferase and Renilla luciferase activities were measured with the dual-
luciferase reporter system (Promega) according to manufacturer’s instructions. The 
Renilla luciferase reading was normalized to the firefly luciferase activity. All 
experiments were performed atleast thrice with triplicates.  
 
2.10 TOP flash/FOP flash assay  
 
Both the TOP flash and FOP flash plasmids were obtained from add gene 
http://www.addgene.org/12456/ and http://www.addgene.org/12457/ respectively. 
The TOP flash or FOP flash plasmid at 100ng concentration was co-transfected 
with microRNA-7 duplex (20nM) or scrambled duplex (20nM) and pRL-TK 
(renilla luciferase internal control) at 10ng concentration. The cell extract was 
obtained at 48hrs post transfection and the luciferase activity was measured. 
Luciferase activities were normalized to the pRL-TK plasmid. All experiments 







2.11 Western Blot assay 
 
Cells were lysed in RIPA buffer (Pierce) with protease inhibitor. The lysates were 
centrifuged at 4ºC for twenty minutes. The supernatant containing the protein was 
transferred to another tube. The sample concentration was measured using the 
Bradford assay. The protein samples (40ug) were separated using 4-8% gradient 
precast gel (Invitrogen) and transferred to methanol activated PVDF membrane for 
two hours. The membrane was then blocked in TBST containing 7.5% milk and 
subsequently probed with anti-Pax6 antibody (1:1000, mouse monoclonal Ab Santa 
cruz ) or anti-TCF4 antibody (1:1000, mouse monoclonal Ab, Santa cruz) or anti-
TCF12 ( 1:1000, mouse monoclonal Ab,Santa cruz) and β- actin ( 1:5000, santa 
cruz). The primary antibodies were dissolved in PBST with 5% milk and incubated 
overnight at 4ºC on a shaker. The membrane was washed with TBST five times. 
The secondary HRP conjugated antibody goat anti-mouse IgG-HRP (1:5000, santa 
cruz) was used for one hour at room temperature. The membranes after washes with 
TBST was developed using ECL prime developing reagent. The membrane was 
then imaged using the ChemiDoc system from biorad or in the dark room using X-
ray films.  
 
2.12 Animal care and fish lines 
 
Wild type and transgenic lines were maintained by standard protocols (Brand et al. 
2002). All injections were carried out at one to two cell stage with 2nl of solution 
into each embryo. The Wnt-responsive lines Tg(7xTCF-Xla.Siam:GFP)ia4 and 
Tg(7xTCF-Xla.Siam:mCherry)ia5, here renamed Wnt:GFP and Wnt:mCherry, 
respectively (Moro et al. 2012); the Shh-responsive lines Tg (Gli-d:mCherry) and 
Tg(Gli-d:GFP), here renamed Shh:mCherry and Shh:GFP, respectively (Schwend 
et al. 2010; Moro et al., 2013); the olig2:GFP and olig2:DsRed transgenic lines, 
kindly provided by Prof. Bruce Appel Lab (http://zfin.org/ZDB-LAB-020513-1). 
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2.13 Microinjection in zebrafish embryos 
 
In the miR-7 knockdown experiments, 0.25 pmoles of miR-7a morpholino and 
0.25pmoles of mismatch morpholino was injected, co-injection of the loop forms 
(loop7a1/2/3/) was done at a concentration of 0.12 pmoles for each loop form. 
MicroRNA-7 duplex and scrambled duplex were injected at 3pmoles per embryo.  
 
2.14 Whole mount in situ hybridization for microRNA-7 
 
Whole mount in situ hybridizations with double-Dig-labeled miR-7a miRCURY 
LNA probe (Exiqon) on zebrafish embryos were performed essentially as described 
(Wienholds et al. 2005). The hybridization mix was prepared by adding 20 pmol of 
miR-7a doubled-labeled LNA probe to every 1 mL of hybridization solution. The 
hybridization temperature used was 20°C below the melting temperature of the 
miR-7a LNA probe. Optimal signal-to-noise ratio during color development was 
obtained by washing the embryos with 5× Tris-buffered saline containing 0.1% 
Tween 20 (TBST buffer) between color reactions.  
 
2.15 Whole mount immunodetection of dopaminergic neurons using rabbit 
polyclonal anti-TH antibody  
 
Zebrafish larvae (3dpf) were fixed in 4% PFA overnight, on a nutator, at room 
temperature. The fixative was then removed and replaced with 100% methanol. A 
series of 5 minute rehydration steps followed with graded decrease of methanol in 
PBS, pH7.4 buffer (75% methanol; 50% methanol and 25% methanol).This is 
followed by 2 x 5 minutes PBST wash (containing 0.1% Tween20). 1 µl of 
molecular grade proteinase K was added to every 1 ml of PBST (1 minute for 
deformed larvae and 5 minutes for ‘normal’ larvae) to prime the larvae for antibody 
entry to the brain. Post-fixation with 4% PFA for at least 20 minutes was performed 
to quench residual proteinase K activity. This is followed by 4x15 minutes washes 
with PBST, no pre-incubation of larvae in blocking solution was carried out (it 
interferes with the signal).  
28 
 
All treated larvae were incubated in1:500 dilution of rabbit polyclonal anti-TH 
antibody (primary antibody) in PBST solution, on a nutator, at 4°C, overnight. This 
is followed by 2x20 minutes washes of PBST followed by an overnight incubation 
of anti-rabbit Alexa Fluor488 (1:1000) antibodies in PBST, at 4°C. After removing 
the secondary anti-rabbit AlexaFluor488 antibody, all larvae were washed once in 
PBST (20 minutes). Adjustment of any subsequent washes depends on the 
fluorescent signal versus noise level observed under a fluorescent 
stereomicroscope. Larval eyes were manually removed to reveal the pretectum 
behind the eyes (under a steromicroscope) before mounting in 1% agarose for 
confocal imaging. 
2.16 Image acquisition and microscope settings 
 
Fluorescent images of the transgenic embryos were acquired using the LSM510 
confocal laser-scanning microscope (Carl Zeiss Vision GmbH).  A bright-field 
image was acquired at the same time as the fluorescent image. Projection of image 
stacks was made by the Zeiss image browser. Image analysis and signal 
quantification were performed using the Volocity 6.0 software. Images were then 
imported into Adobe Photoshop for cropping, resizing, and orientation. Contrast 
and brightness were adjusted equally for all images of the same figure. For imaging 
the immunostained cell culture plates Zeiss fluorescent microscope was used. 
 
2.17 Statistical analysis 
 
All the experiments were performed atleast thrice in some cases even four times 
with two biological replicates each time. Two-tail t-tests were used to determine 
the significance of differences between the treated samples and the controls where 
values resulted from luciferase reporter assay, qRT–PCR, Western blots, or high 
content screening. The tests were performed using Microsoft Excel, where the test 
type is always set to two-sample equal variance. For the anti-TH experiment in 
zebrafish embryos two-tail t-tests were calculated and the graphs were plotted using 
the Prism4 software. 
29 
 
CHAPTER 3: RESULTS  
 
3.1 Spatio-temporal expression of microRNA-7a during zebrafish 
development 
 
MicroRNA-7 (miR-7) was previously identified by our lab in a screen of 
microRNA’s that became differentially expressed upon the differentiation of a 
human neuroblastoma cell line (SH-SY5Y). miR-7 was highly up regulated during 
the process of neuronal differentiation (Le, Xie et al. 2009).  We therefore assessed 
whether miR-7 was analogously expressed during neural development in-vivo in 
vertebrate embryos. We chose zebrafish as our model system of study as many 
signaling pathways and transcription factors involved in zebrafish neurogenesis are 
well conserved in mammalian neural development. The sequence of microRNA-7 
was found to be conserved between zebrafish, mouse and humans 
(http://www.mirbase.org/). The human hsa-miR-7 sequence is conserved to mmu-
miR-7a (mouse) and dre-miR-7a (zebrafish) since the latter two species have two 
isoforms of the mature miR-7 sequence. To ascertain the spatiotemporal expression 
of miR-7a in zebrafish development we conducted in-situ hybridization using DIG-
labelled LNA probes specific to the microRNA sequence. The staining was 
executed at various stages from 24 hours post fertilization (hpf)-96 hpf at 12hr 
interval for each time point. MiR-7a was first weakly stained in the brain at around 
36hpf with the intensity higher around 48hpf (Fig.4A). Within the brain miR-7a is 
highly restricted to the specific regions of the ventral forebrain namely the 
telencephalon, hypothalamus and adenohypophysis. We also observed microRNA-
7a expression in the pancreas as well at 96hpf (Fig.4C,D). The highly restricted 
expression of miR-7a was retained in the adult (two years of age) in the same 
regions of the forebrain as that of the embryo (Fig.4E,F). Quantifying miR-7a 
expression using a more sensitive technique (q RT-PCR), we showed expression is 
initiated at 36hpf and continues to increase until 7dpf. In the adult expression was 
very high (around 800 fold) in the forebrain region and the hindbrain showed little 






Figure 4: Spatiotemporal expression of miR-7a during zebrafish 
embryogenesis (A, B) Whole-mount LNA in situ hybridization of miR-7a in 
zebrafish embryos at 48 hpf both side and dorsal view of the embryo are shown.  
(C, D) Expression of miR-7a at 96 hpf in the pancreas (E, F) Expression of miR-7a 
in a two year old zebrafish brain observed in the same regions as that of the embryo. 
Each image shows the expression pattern of miR-7a in a representative embryo. 
The same pattern was observed in all 20 embryos examined at each developmental 
stage. (tel) telencephalon, pt (pituitary gland), (ah) adenohypophysis. The 
expression pattern of miR-7a during zebrafish development: Transcript levels were 
quantified by real-time PCR, normalized to internal controls (18S RNA), and 






3.2 Overexpression of microRNA-7 results in an increase in early neurogenesis 
as visualized in HuC: GFP zebrafish embryos. 
 
Highly restricted expression of miR-7 in the developing ventral forebrain implied 
a functional role for this microRNA in neurogenesis. Therefore we conducted gain 
and loss-of-function experiments to perturb miR-7 expression and tracked whether 
this altered neural development using neuron-specific reporter zebrafish lines. Gain 
of function of the microRNA was done by injecting the miR-7 mimics at single cell 
stage embryos. miR-7 mimics are chemically modified double stranded RNA 
molecules which mimic the endogenous mature microRNA. HuC:GFP is an early 
marker for neurogenesis during zebrafish neural development (Park, Kim et al. 
2000). Overexpression of miR-7 using the miR-7 mimics resulted in an increase in 
HuC: GFP+ cells at 1dpf (∼20%) by FACS as indicated in (Fig.5B,C) when 
compared to wild type (Fig.5A).  The embryos were monitored until 3dpf and it 
was observed HuC: GFP+ embryos injected with microRNA-7 had less number of 
neurons at 3dpf when compared to the wild type (Fig.5D, E). miR-7 fold change 
was quantified by microRNA q RT-PCR in wild type and injected embryos at 
earliest time point 24hpf (Fig.5F). MiR-7 overexpression seemed to have driven 
precocious neuronal differentiation thus depleting the neural progenitor pool and 





Figure 5: Overexpression of miR-7 leads to increase in early neurogenesis in 
zebrafish embryos (A, B) Increase in HuC: GFP+ neurons is seen in miR-7 
injected embryos when compared to the wild type. (C) Fluorescent activated cell 
sorting indicates about 20% increase in HuC: GFP+ cells in miR-7 injected 
embryos (n> 30). (D, E) At 3dpf miR-7 injected embryos showed less HuC: GFP+ 
neurons when compared to the wild type. (F) qRT-PCR of microRNA-7 injected 
into the embryos normalized to (18S) RNA expression. The error bars represent 













3.3 Loss of microRNA-7a using morpholino knockdown results in neural 
defects in zebrafish embryos 
 
The overexpression data indicated that miR-7 drove neural differentiation but must 
be interpreted cautiously because non-physiologic levels of overexpression might 
potentially beget extraneous phenotypes. We therefore sought to interrogate the 
endogenous role of miR-7a in neurogenesis. 
To probe for the function of microRNA-7a we designed morpholinos against the 
mature guide strand (7amMO) and three morpholinos targeting the precursors 
(lp7aMOs) (Fig.6.1B). Zebrafish miR-7a has three stem loop precursor forms and 
two mature isoforms dre-miR-7a and dre-miR-7b. The isoforms differ by one 
nucleotide base change hence the morpholino designed targets both the isoforms. 
We focused our attention to dre-miR-7a as this sequence is conserved from 
zebrafish to humans. Loop morpholinos were designed to block the Dicer cleavage 
site as indicated in (Fig.6.1-B) which are found to completely block processing of 
the mature microRNA (Kloosterman, Lagendijk et al. 2007). We were able to 
achieve a near complete knockdown of the microRNA as indicated in the table 
(Fig.6.1A). Coinjection of the loop MOs resulted in 93% knockdown efficiency 
whereas mature morpholino resulted in 96% knockdown efficiency. As a control 
we injected embryos with a mismatch morpholino (misMO) which is a five base 
mistmatch in the mature morpholino (7amMO) sequence. MicroRNA-7a 
knockdown was done in HuC: GFP embryos and the phenotype was observed at 
48hrs since miR-7a expression starts only at 36hpf so a later time point was chosen. 
Knockdown of microRNA-7a resulted in decrease in number of neurons in 
midbrain region (Fig.6.2) which is away from miR-7a expression zone and resulted 
in hydrocephaly condition (accumulation of water in the midbrain). Collectively 
the data obtained from a neuronal specific transgenic line HuC: GFP shows that 
miR-7a has an important role in neurogenesis and is required for neural 





Figure 6.1:  Loss of miR-7a in zebrafish embryos by morpholino knockdown 
(A) The graph indicates the q RT-PCR elucidating the effects of miR-7a 
morpholinos on the endogenous level of microRNA-7a at 48hpf. Embryos were 
injected at single cell stage with mismatch, coinjection of loop forms, mature 
microRNA-7a. Total RNA was obtained at 48hpf. All expression values were 
normalized to (18S) RNA levels and presented as average fold change ± SEM (n≥4) 
relative to the expression values of un-injected controls where n is the number of 
biological replicates. The experiment was repeated four times with batch of 30 
embryos in each experiment. Two tailed T-test results are indicated by (**) P <0.01, 
relative to the un-injected control (B) Design of the morpholinos against the three 
loop precursor forms blocking the Dicer cleavage site and against the mature 













Figure 6.2.  Knockdown of miR-7a causes neural defects in HuC: GFP line at 
48hpf: (B,D) Morphants exhibit decrease in HuC: GFP+ neurons in the midbrain 
region, hydrocephaly (accumulation of water in the brain due to loss of neurons), 
and smaller eyes when compared to the (A,C) wild type and mismatch control. The 
phenotype was observed in n> 20 embryos. (E) Flow cytometry indicating ∼10% 
decrease in HuC: GFP+ cells. The error bars represent average ± STDEV. The 
experiment was done twice with n= 30 embryos each time.  
 
 
3.4   Neuronal differentiation in human neural stem cells (ReNVM) – in-vitro 
model system 
 
To further understand the functional role of microRNA-7 in the context of 
mammalian neurogenesis and to identify its targets, we turned to an in-vitro model 
system. We chose ReNVM a human neural stem cell line to conduct gain and loss 
of function experiments. ReNcell VM was derived from ventral mesencephalon 
region of the human fetal brain and is immortalized (by v-myc induction). It can be 
retained in the progenitor state using EGF and bFGF. 
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In the undifferentiated state, we found that ReNVM ubiquitously expressed neural 
progenitor markers including Nestin and Musashi (Fig.7.1A, B). Spontaneous 
differentiation of ReNVM cells was achieved by withdrawal of growth factors. The 
mature neurons obtained from such differentiation expressed the mature neuronal 
markers TUJ1 and MAP2 as shown by immunostaining (Fig7.1C, D) and qPCR 
(Fig.7.1E). We therefore sought to characterize miR-7’s expression throughout this 
differentiation process. Interestingly miR-7 was minimally expressed in 
undifferentiated ReNVM yet its expression peaked at day 5 of differentiation (prior 
to the onset of mature neuron markers), and showed reduced expression at later 
stages (Fig.7.1F). 
Figure 7.1: ReNVM as an in-vitro neuronal differentiation system: (A, B) 
ReNVM expresses the neural progenitor markers like Nestin and Musashi (Msi). 
(C, D) Upon withdrawal of growth factors ReNVM spontaneously differentiates to 
neurons as indicated by mature neuronal marker staining TUJ1 and MAP2 at day 7 
of differentiation (E) q RT-PCR analysis of the mature neuronal markers TUJ1, 
MAP2 and SYP indicates an increase in transcript level during the process of 
differentiation. Fold change of each of the transcripts was obtained by 
normalization to Actin. Error bars indicate average±STDEV where n≥3 (F) 
microRNA q RT-PCR indicates the level of miR-7 during ReNVM differentiation. 
Fold change obtained by normalizing to RNU6B (microRNA endogenous control). 
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Error bars indicate average±STDEV where n≥5. Experiment was repeated thrice 
with two biological replicates each time.   
 
3.4.1 Overexpression of microRNA-7 results in decrease in neurons at later 
stages and knockdown results in increase in neurons in ReNVM cells 
 
To elucidate the function of microRNA-7 in neural progenitors we performed both 
gain and loss of function experiments in ReNVM cells by transfection with mimics 
either in growth medium (with EGF and bFGF) or differentiation medium 
(withdrawal of growth factors). Ectopic expression of microRNA-7 resulted in 
decrease in cell proliferation at 48hrs in ReNVM cells maintained in growth 
medium by almost 50% as indicated by Edu assay (Fig.7.2).microRNA-7 
knockdown did not show any change in proliferation at 48hrs as expected as the 
expression of miR-7 starts only at day 3. The proliferation assay needs to be done 
at a later time point as well to see if knockdown increases the number of cells.   
MiR-7 overexpression resulted in a decrease in number of mature neurons by 
almost 20% and an increase of 30% upon knockdown at day 7 of ReNVM neuronal 
differentiation as quantified by the TUJ1+ cells by immunostaining (Fig.7.3). The 
counting of the neuritis was done using the NeurphologyJ software a plugin for 
imageJ. QRT-PCR analysis was done for the mature neuronal transcripts which 
indicated an initial increase at a very early time point of 24hrs for TUJ1, MAP2, 
TH and SYT5 and subsequent decrease at a later time point of day 5. An increase 






Figure 7.2: Cell proliferation assay indicates decrease in proliferating cells 
upon miR-7 overexpression: ClickiT-Edu assay was performed on transfected 
ReNVM cells in growth medium. Decrease in proliferating cells was observed (∼ 
50%) at two concentrations of the microRNA 7duplex50 (50nM) and 7duplex80 
(80nM). No change was observed in cells transfected with miR-7 antisense at 48hrs. 
The % values are averages ± SEM (n≥3) compared to untransfected cells. The 
experiment was repeated thrice with two biological replicates each time.  
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Figure 7.3: microRNA-7 overexpression resulted in decrease in number of 
mature TUJ1+ cells and knockdown resulted in their increase in ReNVM cells: 
(A)The cells were transfected as described fixed and stained for mature neuronal 
marker TUJ1 at day7 of neuronal differentiation (C) miR-7 overexpression results 
in a decrease in number of neurons when compared to the control and untrasfected 
cells (D) Knockdown of microRNA-7 results in an increase in TUJ1 staining (F) 
The bar chart indicates the % decrease and increase in TUJ1+ neurons and the error 
bars are  indicated by average ± SEM (n≥3) . The experiment was repeated thrice 
with different biological replicates and neurite counting was done for N=10 images 















Figure 7.4: Quantitative real time PCR for mature neuronal markers upon 
miR-7 overexpression and knockdown (A) miR-7 overexpression (7DP50 and 
7DP80) resulted in an increase in the mature neuronal transcripts TH, MAP2, TUJ1 
at 24hrs in differentiation medium.  PDGFRα which is an oligodendrocyte marker 
showed no change. (B) At a later time point of day 5 decrease in the level of mature 
neuronal markers was observed on miR-7 overexpression. PDGFRα showed an 
increase at day 5.  Knockdown resulted in no change at an earlier time point but an 
increase in the mature neuronal markers TUJ1, MAP2 at day 5 (7AS100- miR-7 
antisense) when compared to untransfected cells. Error bars represent average fold 
change ± STDEV where the number of biological replicates is n=4 and the 







3.5   Neural progenitor cells derived directly from human embryonic stem cells 
 
Though ReNVM can model some aspects of neuronal differentiation, it harbors 
some limitations. Specifically, it is a transformed cell line (by v-myc induction). 
Furthermore although it has been suggested that differentiation of this cell line 
results in both neurons and glial cells we did not see the expression of glial markers 
Olig2, MBP, GFAP upon withdrawal of self-renewal factors and addition of pro-
glial signal GDNF (glial derived neurotrophic factor), ascorbic acid and cyclic 
AMP. So we shifted our focus to develop a more accurate in-vitro model system 
that could meet our needs to differentiate to neurons, oligodendrocytes and 
astrocytes and would recapitulate what happens in-vivo. Various protocols have 
been developed recently to obtain a monolayer of neural progenitor cells from 
human embryonic stem cells (Chambers, Fasano et al. 2009, Li, Sun et al. 2011)  
(Reubinoff et al. 2001). We exploited the protocol developed by WenLin Li and 
team in Sheng Ding lab (Li, Sun et al. 2011) in which a GSK3 inhibitor 
(CHIR99021), TGF-β receptor inhibitor (SB431542) are used for neural induction 
from human ES. The NPCs obtained using this protocol retain high neurogenic 
potential and integrate in-vivo. Using this neural induction regimen we were able 
to obtain a homogenous population of NPC expressing the neural progenitor 
markers Nestin, Vimentin, Sox2, Pax6 and Musashi (Fig. 8.1). These NPCs could 
be maintained on matrigel coated plates in the presence of mitogens EGF and bFGF 
for proliferation and could be passaged up to 15 times after which they were seen 
to lose their neurogenic potential. They were found to be karyotypically normal 
showing XX female karyotype (Fig.8.1F). The cells could be frozen and the cell 




3.5.1 Differentiation of human ES derived NPC to neurons and glial cells 
 
The human NPCs were differentiated into neurons and glial cells by using BDNF, 
GDNF, ascorbic acid and cAMP in neurobasal medium. At the end of 21 days 
neurons positive by immunostaining for the mature neuronal markers TUJ1 and 
Map2 were observed (Fig.8.2). Differentiation was carried out until day 21 and at 
various time points the expression level of both neuronal and glial cell markers was 
quantified by q RT-PCR (Fig.8.3).The glial cell markers Olig2 (promotes 
oligodendrocytes) and GFAP (astrocytes) were observed at day 14 (Fig.8.2D, E). 
Expression of microRNA-7 was found to increase initially until day 10 of 
differentiation and subsequently was found to decrease when the mature neuronal 
subtypes were being formed at day 14 and day 21 (Fig.8.2F).  
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 Therefore, as in the case of ReNVM cells miR-7 is expressed upon early 
differentiation preceding emergence of fully differentiated cell types. 
 
 
Figure 8.2: Differentiation into neuronal and glial lineage from H9  NPC 
(A-C) Immunostaining of the mature neuronal (TUJ1, MAP2) at day7 and day 14. 
(D, E) Glial cells markers (Olig2, GFAP) at different time points during 
differentiation. (F) Q RT-PCR analysis:  miR-7 expression upon differentiation of 
neural progenitor cells using basic protocol for neurogenesis. Transcript levels were 
quantified by real-time PCR, normalized to internal controls (RNU6B), and 
presented as average fold change ± SEM (n ≥ 5) relative to the expression at 0 hrs 
where n is the number of replicates. Experiment was repeated three times with two 








Figure 8.3:  Quantification of mature neuronal markers and glial markers 
during human NPC differentiation: (G) Transcript levels of mature neuronal 
markers  and ( H) glial cell markers normalized to Actin and presented as average 
fold change ± SEM (n=6) relative to gene expression at day0. Experiment was 








3.5.2 Overexpression of miR-7 resulted in decrease in mature neurons and 
increase in glial marker, knockdown resulted in the opposite 
We used the H9 NPC general differentiation system as described above and 
manipulated miR-7 by double transfection at 72hrs interval for both overexpression 
and knockdown to observe the change in neurogenesis. The mimics need to be 
transfected twice as they are transiently expressed. As observed in ReNVM cells 
miR-7 overexpression resulted in in less neurite extensions (Fig.8.4C) when 
compared to the control duplex (Fig.8.4B) and increase in TUJ1+ neurons upon 
knockdown (Fig.8.4E). From qPCR results there was a decrease in mature neurons 
TUJ1, MAP2, TH and increase in PDGFRα (oligodendrocyte marker) at a later time 
point (Fig.8.4F).  
 
Figure 8.4 Overexpression of miR-7 results in less mature TUJ1+ neurons 
and increase in glial marker whereas knockdown results in the opposite 
(A) Immunostaining of TUJ1 at day 7 of H9NPC differentiation using the normal 
protocol as described in 3.5. (B) miR-7 overexpression resulted in less neurons and a glia 
like morphology (C) Knockdown of miR-7 resulted in increase in TUJ1+ neurons. (D) 
QRT-PCR of mature neuronal and glial markers indicating decrease of neuronal markers, 
increase of glial PDGFRα marker and knockdown resulting in decrease of PDGFRα. 
Error bars represent average±STDEV where the experiment has been done four times 
with different biological replicate each time. 
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3.6 Targets of microRNA-7  
 
After having established the functional significance of miR-7 we sought to identify 
the targets it regulates. We employed both bioinformatics prediction software’s like 
Target scan 6.2 http://www.targetscan.org/ (Friedman, Farh et al. 2009) and  
microcosm (EBI) ) to identify candidate miR-7 targets in silico by the metric of 
sequence complementarity as well as microarray analyses after miR-7 
overexpression. First, the gene expression profile of H9 ES derived human neural 
progenitor cells transfected with 7DP (miR-7 duplex) was compared with the 
control duplex at two days post transfection in growth medium. The percentage of 
the down regulated genes classified into each of these categories were higher than 
the percentage of the whole genome sorted in the same category. We identified 143 
potential targets which were scaled down from the microarray list of down 
regulated genes and which showed a total context score (PcT>0.1) in target scan 
(Fig.9.1A). From GO analysis it was observed that the genes down regulated were 
involved in various important neurodevelopmental pathways including Wnt 
signaling, hedgehog signaling, TGF-β signaling and neurotrophin signaling 
(Fig.9.1B). Total context scores are determined based on information orthogonal to 
site conservation which are useful for predicting biological relevance and efficacy 
(Friedman, Farh et al. 2009). The same experiment was repeated with the ReNVM 
cell line and similar results with same targets and GO pathways were obtained (data 






Figure 9.1: Profiling the downstream effectors of microRNA-7 
(A) Human NPC were transfected with 80nM of miR-7 duplex and control duplex 
in growth medium. RNA samples were collected 48hrs post transfection and 
subjected to gene expression profiling using Ref-12 v4 Illumina bead chip. Around 
143 potential targets were identified to be down regulated by microRNA-7 by 
microarray which also had PcT>0.1 in target scan.  
(B) Gene Ontology classification of genes down regulated two days post 
transfection of microRNA-7. The percentage of differentially expressed genes 
(miR-7 vs control duplex by 1.5 fold) belonging to each GO processes was 















3.6.1   microRNA-7 is a negative regulator of the transcription factor Pax6 
 
The list of target genes down regulated by miR-7 included Pax6 as one of the targets 
with a total context score (PcT) of 0.75 and a seed match of 7mer-m8 (Fig.9.2C). 
Pax6 is a master regulator involved in various developmental events like eye 
development, neurogenesis and during development of other sensory organs. 
Importantly in humans and primates, PAX6 is the earliest known marker of 
neuroectoderm specification, where it activates neural genes and concomitantly 
represses pluripotent genes (Zhang, Huang et al. 2010). Apart from all these 
important roles accorded to this transcription factor Pax6 plays a very important 
role in endocrine cell development. Specifically it is required for the differentiation 
of alpha cells in the mouse pancreas (St-Onge and Sosa-Pineda 1997). Affirming 
the bioinformatics prediction Pax6 transcript level was found to be down regulated 
in ReNVM cells transfected with mictoRNA-7 at two different concentrations 
50nM (7DP50) and 80nM (7DP80) when compared to the negative control duplex 
(NCDP50) (Fig. 9.2A). EGFR is a known target of microRNA-7 and hence was 
used as a positive control for the experiment (Kefas, Godlewski et al. 2008). 
Endogenous Pax6 protein levels were found to be reduced on ectopic expression of 
microRNA-7 more at 80nM concentration (Fig. 9.2B). Pax6 was further validated 
as a target by cloning the entire mouse 3’UTR region downstream of the Renilla 
luciferase gene in pSICHECK2 vector. Similarly the MRE (microRNA response 
element) of microRNA-7 was cloned in the luciferase vector. Overexpression of 
microRNA-7 resulted in ~40% reduction in the luciferase activity (P<0.01) for 
mPax6-3’UTR and ~75% for miR-7MRE (P<0.01) (Fig.9.2D). Altogether these 
findings established that miR-7 directly down regulates Pax6 perhaps explaining 







Figure 9.2 - Pax6 is a bona fide target of microRNA-7 (A) ReNVM cells were 
transfected with miR-7 at two different concentrations. There was a reduction in 
Pax6 transcripts level by almost 40%. EGFR was used as a positive control as it is 
a known target of miR-7. The values represent average±SEM (n=4) where n 
represents biological replicates and experiment was repeated thrice (B) 
Endogenous protein level of Pax6 by western blot indicates a reduction in the total 
protein on ectopic expression of microRNA-7 in ReNVM cells (C) miR-7 binds to 
Pax6 by a 7mer-m8 seed match which is conserved in zebrafish, mouse and 
humans.(D) Repression of the luciferase activity due to interactions between miR-
7 and predicted MRE ( 75%) and mouse 3’UTR (40%). Every renilla luciferase 
reading was normalized to that of the control firefly luciferase. The luciferase 
activities of miR-7 transfected cells were presented as percentages relative to the 
level of luciferase in the negative control duplex transfected cells (this control 
luciferase level is considered as 100%). The values represent average ± SEM (n ≥ 
8). Experiment was done four times with two biological replicates each time. Two-
tail T-test results for statistical significance are indicated by ** P < 0.01, relative to 









3.6.2 microRNA-7 is a negative regulator of TCF4 and TCF12 – downstream 
effectors of the Wnt-β catenin pathway 
 
Our microarray analysis revealed miR-7 to down regulate members of the TCF/LEF 
family members which are downstream effectors of the Wnt pathway. The total 
context scores for TCF4 and TCF12 predicted from targetscan were found to be 
0.59 and 0.69 respectively. TCF4 and TCF12 are genes involved in the Wnt-β 
catenin signaling pathway (van Es, Haegebarth et al. 2012). TCF4 belongs to the 
bHLH group of transcription factors and has been found to have a role in neuronal 
differentiation (Flora, Garcia et al. 2007). TCF12 has been reported to have a role 
in the proliferation of neural stem cells in the mouse brain (Uittenbogaard and 
Chiaramello 2002). MicroRNA-7 has a seed match of 7mer-m8 for TCF4 and 8mer 
seed match for TCF12 (Fig. 9.3-A, B). MiR-7 overexpression resulted in a decrease 
in the transcript levels of TCF4 and TCF12 (Fig.9.3C). Human neural progenitor 
cells were transfected with microRNA-7 at two different concentrations 50nM and 
80nM indicated as fold change of miR-7 expression in transfected cells (Fig.9.3D). 
MiR-7 overexpression also resulted in decrease of endogenous protein levels of 
both TCF4 and TCF12 (Fig.9.4 A-D). For the knockdown the change in protein 
level for TCF4 was observed at 96hrs (Fig.9.4-A). To further validate TCF4 and 
TCF12 as direct targets of microRNA-7 we cloned the entire 3’UTR region of 
human TCF12 and partial 3’UTR region – b fragment of TCF4 downstream of the 
Renilla luciferase gene in the psiCHECK2 vector. Repression of the luciferase 
activity of around 40% was observed for both TCF4 and TCF12 and about 75% for 
miR7-MRE (Fig.9.4E). These data confirm TCF4 and TCF12 to be direct targets 






Figure 9.3: microRNA-7 negatively regulates TCF4 and TCF12- downstream 
effectors of Wnt-β catenin pathway (A, B) The seed match region of TCF4 (7mer-
m8) is conserved in mouse and humans and the seed match (8-mer) for TCF12 is 
conserved from zebrafish to humans. (C) TCF4 and TCF12 are found to be down 
regulated by microRNA-7 as shown in the reduction in transcript levels with 
ectopic expression of miR-7. Pax6 is found to be down regulated as seen before. 
(D) Q RT-PCR showing the fold change in expression of miR-7 at two different 
concentrations 7DP-50(50nM) and 7DP-80 (80nM). Normalization was done to 
(RNU6B) and presented fold change ± SEM (n ≥ 3) relative to the expression of 





Figure 9.4: miR-7 represses endogenous TCF4 and TCF12 levels in H9 derived 
neural progenitor cells (A) Western blot of endogenous TCF4 protein level in 
neural progenitor cells two days after transfection with control duplex (NCDP50) 
and miR-7 duplex at two different concentration 50 nM and 80 nM. The 
endogenous level of TCF4 protein was found to be reduced upon miR-7 
overexpression. For control antisense (NCAS100) and miR-7 antisense (7AS100) 
TCF4 protein was checked at 96hrs post transfection. (B) The TCF4 protein level 
was quantified from the western blot bands A, normalized to the β-actin levels and 
presented as fold change ± SEM (n≥3). Two tailed T-tests are indicated by (**) 
P<0.01 (C, D) Endogenous protein levels of TCF12 were also found to be reduced 
on miR-7 overexpression at 48hrs post transfection. (E) Luciferase reporter assay: 
The 3’UTR region of h TCF12 and the 3’UTR of b-fragment of TCF4 were cloned 
downstream of the renilla luciferase gene in the psicheck2 vector. Repression of the 
luciferase activity was observed for miR-7 MRE (75%), TCF4 3’UTR (40%) and 
TCF12 3’UTR (~40%). Every renilla luciferase reading was normalized to that of 
the control firefly luciferase. The luciferase activities of miR-7 transfected cells 
were presented as percentages relative to the level of luciferase in the negative 
control duplex transfected cells (this control luciferase level is considered as 
100%). The values represent average ± SEM (n ≥ 8).  Two-tail T-test results are 






3.7 microRNA-7 is a negative regulator of the Wnt-β catenin pathway  
 
Our microarray data analysis predicted that microRNA-7 targets were involved in 
the Wnt/β catenin signaling pathway. We have also validated TCF4 and TCF12 to 
be targets of miR-7 which are the downstream effectors of the Wnt-β catenin 
pathway. To further determine the effect of miR-7 on endogenous Wnt signaling 
in-vivo we made use of the reporter line developed by Enrico Moro and team in 
Argenton lab (Moro, Ozhan-Kizil et al. 2012) to sensitively detect Wnt/β catenin 
pathway upon microRNA-7 overexpression and knockdown. The zebrafish 
transgenic line contains 7TCF/LEF multimerized sites upstream of siamois 
minimal promoter recombined with eGFP and SV40 poly-A vectors (Fig.10.1C). 
The embryos were injected at single cell stage with miR-7 morpholino and 
mismatch morpholino and the phenotype was observed around 42hpf. MiR-7 
knockdown in Tg (7xTCF-Xla.Siam: GFP) ia4 line resulted in increase in Wnt 
reporter expression in the ventral part of the brain in zebrafish embryos (Fig.10.1B). 
To further validate microRNA-7’s role in Wnt signaling we used the TOP 
flash/FOP flash assay which is a well-known reporter assay to detect Wnt signaling 
in-vitro. HEK293T cells were transfected with TOP flash or FOP flash, p RL-TK 
(control renilla luciferase vector) and control duplex or microRNA-7 duplex. The 
luciferase activity was repressed in the TOP flash vector by almost 60% with 7TCF 
binding sites and there was no significant change observed in the FOP flash vector 
with mutated TCF binding sites. MicroRNA-7 knockdown by both mature 
morpholino and the co-injection of the loop forms revealed increase in Wnt activity 
in the ventral diencephalon region and the hypothalamic region (Fig.10.2A-D). We 
used id3 as a marker which is known to be induced by Wnt signaling and also has 
a role in cell-cycle progression in neural progenitor cells (Kee and Bronner-Fraser 
2005). Upon miR-7 knockdown we observed an increase in id3 protein levels along 
with increase in Wnt responsive cells in the ventral diencephalon region, posterior 
tuberculum and hypothalamic regions close to the eye (Fig.10.2F) when compared 





Wnt signaling is known to play a very important role in proliferation of progenitor 
cells. We had earlier tested the role of miR-7 in cell proliferation in ReNVM system 
(3.4.1). Using the Wnt: GFP reporter line we wanted to check if miR-7 
overexpression and knockdown had an effect on cell proliferation in zebrafish 
embryos as observed in-vitro. Phosphohistone-3 is a well-known marker for mitosis 
(Hendzel, Wei et al. 1997) and has been used to study cell proliferation in various 
biological systems so we used it to evaluate change in cell proliferation upon 
manipulating the microRNA.  Overexpression of miR-7 resulted in less number of 
proliferating cells in 2dpf embryos with less or no PHH3 staining particularly in 
the cephalic region where Wnt+ cells are present Fig (10.3B). Knockdown of miR-
7 resulted in increase in the number of PHH3+ cells in the cephalic region close to 
Wnt+ cells Fig. (10.3C).  
All these data suggest microRNA-7 negatively regulates the Wnt-β catenin pathway 









Figure 10.1: miR-7 negatively regulates Wnt pathway in zebrafish embryos (A, 
B) miR-7 knockdown in zebrafish resulted in an increase in Wnt reporter activity 
in the ventral part of the brain when compared to the mismatch morpholino.  Both 
panels display lateral views on 42 hpf embryos, anterior to the left. (C) Schematic 
representation of the Tol-2 based reporter vectors used to construct Tg(7xTCF-
Xla.Siam:GFP)ia4 line (D) HEK293T cells were co-transfected with TOPflash 
vector and control duplex or miR-7 duplex and a renilla luciferase control vector 
(pRLKTk) which serves as the control. Similarly FOPflash vector was co-
transfected with control and miR-7 duplex, pRLTk. Luciferase activity was 
measure 48hrs post-transfection. About 60% reduction in luciferase activity was 
observed in the TOPflash vector whereas not much significant change in the 
luciferase activity was observed in the FOPflash vector. Luciferase readings were 
normalized to the co-transfected control renilla luciferase vector pRL-TK plasmid. 
The error bars represent luciferase activity average±SEM where the experiment 
was done four times with two biological replicate each time (n=6). Two tailed T-





Figure 10.2: miR-7 knockdown results in an increase in Wnt and id3 protein 
in the ventral diencephalon (A, B) miR-7 morpholino mediated knock-down 
increases Wnt reporter expression (GFP protein) in the diencephalon of mir-7 
morphants compared to mism MO injected controls. (C, D) Wnt signaling-
dependent GFP is increased in loop7a1/2/3 morphants compared to mism MO 
controls. (E,F) Dual-color in situ hybridization with anti-sense probes for id3 
(landmark) and Wnt: GFP reporter mRNA shows that diencephalic Wnt-reponsive 
cells (arrowheads) are located in the ventral posterior tuberculum (PTv) and 
hypothalamic (H) regions of 44 hpf embryos (F) Loop7a1/2/3 morphants display 
increased expression of id3 and the reporter messenger compared to controls (G, 
H) quantitative analysis of Wnt reporter fluorescence intensity in the zebrafish 
diencephalon. Chart G refers to A-D experimental series; chart H refers to E-F 
experiments. Error bars represent STDEV and the experiments were repeated 
thrice. Sample size n=5 for quantification using Volocity software.Tel: 
Telencephalon; T: tectum; v: vessels. All panels show 44 hpf embryonic heads in 





Figure 10.3 Proliferation is affected in Wnt response cells, under miR-7 
knockdown and overexpression conditions. (A)Proliferation analysis by PHH3 
staining reveals on average 1-2 proliferating cells within the cephalic Wnt-
responsive domain of 2 dpf control embryos. (B) No signal is detected in 7DP-
injected embryos. (C) Co-injection of the morpholino with the functional duplex 
resulted in a phenotype similar to that of the control embryos (D) On average 4-5 
cells are detected in the morphants. White arrowheads indicate the position of 
proliferating cells. All panels display cephalic regions of 2dpf embryos in lateral 









3.8 Subset of Wnt responsive cells co-localize to TH+ DA neurons in zebrafish 
embryos 
 
Knockdown of microRNA-7 resulted in activating the Wnt responsive cells in the 
diencephalon region, ventral posterior tuburculum and hypothalamus of zebrafish 
embryos. These same anatomical regions correspond to the dopaminergic neurons 
in zebrafish (Russek-Blum, Nabel-Rosen et al. 2009). Previous reports indicated 
miR-7 had a role in mature DA neurons as it was found to target α-synuclein (Junn, 
Lee et al. 2009) which is a protein whose aggregation is a major cause of 
Parkinson’s disease. Hence it intrigued us if miR-7 had a potential role during the 
DA neuron development.  There have also been several reports about the role of 
Wnt signaling in DA neuron development (Tang, Miyamoto et al. 2009, Andersson, 
Saltó et al. 2012).  Since miR-7 was found to negatively regulate the Wnt signaling 
pathway we wanted to see if miR-7 had an effect in DA neurogenesis. We used the 
new Vibe-Z based software developed by Meta Rath and team in Driever lab 
(Ronneberger, Liu et al. 2012) to check the co-localization of Wnt responsive cells 
from the reporter line and TH+ cells. Virtual brain explorer (Vibe-Z) is a software 
that automatically maps gene expression data with cellular resolution to 3D level 
of zebrafish brain. Using this software we observed that a subset of the Wnt 
responsive cells in the reporter were found to be co-localized with the TH+ cells in 





Figure 11.1:  A subset of diencephalic Wnt-responsive cells express the 
dopaminergic marker tyrosine hydroxylase. 
(A, B): Virtual anatomical reconstruction of a 48 hpf zebrafish brain, generated by 
ViBE-Z software, merging Wnt: GFP and tyrosine hydroxylase (TH) expression 
domains, compared with reference anatomical areas (in white). Virtual qualitative 
co-localization between Wnt: GFP and TH (white spots in B) is detected at the 
boundary (indicated by yellow arrowheads) between ventral Posterior 
Tuberculum (PTv) and Hypothalamus (H). A and B are dorsal views, anterior to 
the left, with A representing a plane across the PTv and B showing a more ventral 
plane, at the PTv/H boundary (B’) Lateral view. Position of the section planes are 







3.8.1 microRNA-7 knockdown results in increase in Dopaminergic neurons 
and overexpression decreases them in zebrafish embryos 
 
As it was observed that TH+ neurons co-localized with a subset of Wnt+ cells of 
the reporter in the diencephalon and posterior tuburculum region we went ahead to 
manipulate this microRNA in DA neurons. MiR-7 morpholinos were injected into 
zebrafish embryos at one cell stage and tyrosine hydroxylase (mature DA neuron 
marker) was used for staining the embryos at 3dpf. We observed an increase in TH+ 
cells in the ventral part of the brain in the embryos injected with miR-7 MO when 
compared to mismatch morpholino (Fig.11.2C) almost twice the number of neurons 
were observed . Loop7a MO did not show a change and we assume we need to 
increase the dose further to see a phenotype. On the contrary overexpression of 
miR-7 resulted in a decrease in the number of DA neurons (Fig.11.3C). From the 
zebrafish experiments it was clear that microRNA-7 controlled the production of 
mature DA neurons in-vivo. If this observation could have a potential therapeutic 
role a human based system needs to be used. So we chose to study the role of this 

















Figure 11.2: microRNA-7 knockdown increases the dopaminergic neurons in 
the ventral brain region in zebrafish embryos 3dpf (A) Uninjected wild type 
embryos stained with tyrsosine hydroxylase (B,C) Increase in DA neurons was 
observed in embryos injected with microRNA-7 mature morpholino when 
compared to the wild type and mismatch morpholino. (D) Number of TH+ neurons 
was quantified by manual counting from around 20 embryos. The values represent 
average ± SEM .Two tailed T-test are indicated by (**) P<0.01 when compared to 

















Figure 11.3: microRNA-7 overexpression resulted in decrease in DA neurons 
(B,C) Decrease in the number of DA neurons was observed upon overexpression 
of microRNA-7 duplex in zebrafish embryos. The number of TH+ neurons was 
quantified by manual counting from around 20 embryos. The values represent 
average ± SEM .Two tailed T-test are indicated by (**) P<0.01 when compared to 












3.8.2 Differentiation of human ES derived NPC to dopaminergic neurons  
 
To evaluate the role of miR-7 in dopaminergic neuron differentiation in-vitro we 
used our H9 NPC differentiation system to obtain a population of DA neurons by 
modifying the protocol developed by WenLin Li and team in Sheng Ding lab (Li, 
Sun et al. 2011). The first 10 days SHH and FGF8b were used for patterning and 
the next 14 days we used BDNF, GDNF, ascorbic acid, dibutyryl cAMP and TGF-
β. At the end of 21 days neurons expressed DA specific markers PITX3, LMX1A 
Tyrosine hydroxylase (TH) and NURR1 shown by immunostaining and qPCR Fig 
(11.4).  MicroRNA-7 expression was highly up regulated during DA neurogenesis 
as seen in Fig (11.4E). But at day 21 the DA neurons were not completely mature 
as they still expressed DA progenitor markers LMX1A, LMX1B (transcription 
factors known to induce DA neurogenesis) at almost equal levels to mature TH+ 
neurons and the efficiency was around 20% . We need observe expression of miR-
7 at two months of differentiation when TH+ neurons are much more in number. It 
was interesting to observe that the individual sample fold change of miR-7 was high 
with high fold change values of LMX1A, LMX1B (Dopaminergic progenitors) but 
not TH (which is a mature marker). The fold change represented in the bar graph is 
average of all the values. However because DA differentiation at day 21 gives us a 
heterogeneous system with both DA progenitors and mature DA neurons single cell 
qPCR would be more useful to check whether miR-7 is specifically expressed in 
early immediate precursors or later differentiated neurons instead of an admixed 












3.8.3 microRNA-7 knockdown results in increase in TH+ DA neurons in-vitro 
and overexpression results in the decrease in DA neurons 
 
Human neural progenitors derived from hES cells were differentiated to the DA 
neuron lineage as described earlier. MicroRNA duplex, control duplex, miR-7 
antisense and control antisense were transfected twice at 72hrs interval since 
mimics are stable only for around 4 days. After 10 days post transfection TH 
immunostaining along with TUJ1 (mature neuronal marker) staining was carried 
out. There was a decrease in the number of TH+ neurons (~15%) upon miR-7 
overexpression when compared to the control duplex Fig (11.5C,F).We observed 
knockdown of microRNA-7 resulted in an increase in the number of TH+ neurons 
(~20%) (Fig.11.5E,F) when compared to the control antisense.  
Our data from both zebrafish and cell lines suggested a role of miR-7 in DA 
neurogenesis. What remains yet to be seen is if manipulating miR-7 changes the 







Figure 11.5. microRNA-7 knockdown results in increase in DA neurons 
derived from H9NPC and overexpression results in their decrease (A) 
Untransfected cells showing TH staining at day 10 of DA neurogenesis from NPC 
(B,C) Decrease in number of TH+ cells (red) was observed in the cells transfected 
with miR-7 duplex when compared to the control duplex and untransfected cells. 
(D, E) Increase in the number of TH+ cells was observed upon knockdown of miR-
7 when compared to the control antisense (F) Ratio of TH+/TUJ1 cells was 
quantified by manual counting of the neurons from images captured from 10 
different areas on a random basis using a fluorescent microscope. Error bars 
represent average%±STDEV and the experiment was repeated thrice with different 




3.9.1 Overexpression of microRNA-7 results in an increase in SHH and Olig2 
cells in zebrafish embryos  
 
Our data so far using various reporter lines and from in-vitro suggests miR-7 to 
reduce the number of mature neurons at a late time point upon overexpression and 
increase neurons particularly DA neurons upon knockdown. Also our data from 
ReNVM and H9 NPC differentiation showed increased expression of glial markers 
(PDGFRα and Sox10) upon miR-7 expression. We further wanted to confirm the 
phenotype in-vivo and also understand the signaling pathway which could be linked 
to it. Its known from literature that Wnt signaling has a key role to play in 
oligodendrocytes development  (Rosenberg and Chan 2009). There have been 
reports indicating mutual Wnt and sonic hedgehog antagonism regulates 
development of oligodendrocytes (Grove 2011).  SHH is known to directly induce 
Olig2 which is the master transcription factor known to be sufficient to generate 
oligodendrocytes. So we manipulated miR-7 levels in Wnt: GFP, SHH: mcherry 
and Olig2: GFP lines. 
Injection of the Wnt reporter embryos with miR-7 duplex resulted in a decrease in 
Wnt+ cells around 60% (Fig.12.1K) when compared to that of the control duplex 
(Fig.12.1A, B).  We postulated that decrease in Wnt+ cells should have an effect 
on SHH. To do this experiment we used the Shh: mcherry line developed by Enrico 
Morco and team in Argenton lab . Overexpression of microRNA-7 resulted in 
increase in SHH: mcherry+ cells in the forebrain-midbrain boundary (Fig.12.1C, 
D). SHH is known to directly induce Olig2 expression so we postulated miR-7 
overexpression should increase Olig2 expression as well. Overexpression of 
microRNA-7 resulted in an increase in Olig2+ cells in Olig2: GFP cells both in the 








Figure 12.1:   mir-7 over-expression decreases Wnt reporter activation, while 
increasing Shh signaling and olig2 expression. (A, B): Injection of mir-7 mimic 
7DP induces a decrease of Wnt reporter GFP in the zebrafish diencephalon 
compared to NCDP-injected controls. (C, D): 7DP-injected embryos show an 
increase of Shh reporter mCherry in the forebrain-midbrain boundary (fmb) 
compared to NCDP controls (E, F): 7DP injection in double transgenics 
Wnt:mCherry/olig2:GFP shows general decrease of Wnt-dependent mCherry 
nuclear signal and an increase of olig2:GFP transgene expression in fmb, midbrain-
hindbrain boundary (mhb) and hindbrain (h) region  compared to NCDP controls. 
(G, J): 7DP injection induces an increase of olig2: DsRed transgenic protein (H) 
and endogenous olig2mRNA (J) expression in the ventral spinal cord of zebrafish 
embryos, compared to their control duplex: vessels sc: spinal cord; nc: notochord; 
di: diencephalon; fp: floor plate. All panels are lateral views, anterior to the left.(K) 
Quantitative analysis of signal intensity in NCDP and 7DP embryos from all 







Figure 12.2: Over-expression and knock-down of miR7 have opposite effects 
on Shh-responsive diencephalic cells (reporter protein analysis) 
(A) SHH:GFP injected with control duplex and mismatch morpholino serving as 
the control. (B) Injection of miR-7DP (D) or miR-7 morpholino alone elicit 
opposite effects on GFP-positive Shh-responsive cells located in the diencephalic 
region comprised between the telencephalic-diencephalic boundary (TDB), the 
diencephalic-mesencephalic boundary (DMB) and the hypothalamic (H) region, 
compared to injected controls (C) Co-injection of 7DP and miR-7 morpholino can 
rescue both conditions, eliciting an almost normal phenotype All panels show the 
encephalic region of 60 hpf embryos in lateral view, anterior to the left (E) Chart  
refers to A-D experimental series. Error bars represent STDEV and the experiments 
were repeated thrice. Sample size n=5 for quantification using Volocity software. 
All panels show 60 hpf embryonic heads in lateral view, anterior to the left. Error 





Figure 12.3 Olig2:EGFP transgene expression is affected by miR-7 over-
expression and knock-down. 
(A) Olig2:EGFP embryos as injected with control duplex and mismatch 
morpholino. (B) Diencephalic expression of the Olig2:EGFP transgenic protein 
appears increased in miR-7DP over-expressed embryos compared to control. (D) 
And reduced in miR-7 morphants (C) Co-injection of the loop7a1/2/3 with the 
duplex rescues the phenotype compared to controls. All panels are lateral views of 
the head region at 40 hpf, anterior to the left (E) Chart represents A-D experimental 
series. Error bars represent STDEV and the experiments were repeated thrice. 
Sample size n=5 embryos was used for quantification using Volocity software. All 
panels show 40hpf embryonic heads in lateral view, anterior to the left. Error bars 






3.9.2 Overexpression of microRNA-7 results in an increase in Olig2+ cells in-
vitro in H9 NPC differentiation and knockdown causes the opposite effect 
 
Human NPC’s were differentiated using the DA neuron protocol as described 
earlier and microRNA-7 duplex, control duplex, microRNA-7 antisense and control 
antisense were transfected twice at 72hrs interval each. At 14 days post transfection 
the cells were fixed and stained for TUJ1 and Olig2. MicroRNA-7 overexpression 
showed 20% increase in Olig2+ cells when compared to the control duplex 
(Fig.12.2A,B). The cells transfected with miR-7 antisense showed around 10% 
decrease when compared to control antisense and untransfected cells (Fig 12.2C, 
D).  
Collectively our data from both zebrafish and cell lines suggests that miR-7 
overexpression leads to reduction in Wnt which increases SHH and hence results 
in increase in Olig2 expression which is a preceding factor for Oligodendroytes. 
Also we observed an increase in PDGFRα transcript levels as discussed earlier. 
Other markers for oligodendrocytes development and maturation namely O4, MBP 









Figure 12.4: microRNA-7 overexpression results in increase in Olig2+ cells in 
H9NPC differentiation and knockdown results in decrease in Olig2+ cells 
(A,B) microRNA-7 overexpression (7DP) results in an increase in Olig2+ cells 
(red) when compared to that of the control duplex (NCDP). (C, D) microRNA-7 
knockdown results in a decrease in number of Olig2+ cells when compared to that 
of the control antisense. (E) Ratio of Olig2/DAPI was quantified by manual 
counting from 10 images randomly taken at different sites for each treatment using 
ZEISS fluorescent microscope. The average percentage values ± SEM have been 
indicated. The experiment was repeated thrice with two different biological 









3.10 Synthetic microRNA-7 rescues the phenotype observed in miR-7a 
morphants  
 
In order to address the specificity of the microRNA-7 morphants we attempted to 
rescue the phenotype by co-injecting microRNA-7 morpholino along with the 
duplex in double transgenics (Wnt: mcherry and SHH: GFP) lines. We observed 
that the miR-7 morphant phenotype was partially rescued by ectopic expression of 
miR-7 duplex (Fig.13C). The overexpression and knockdown elicited opposite 
effects in the reporter lines (Fig.13B,D).  It was observed that miR-7 morphants 
had deformities as discussed earlier and delay in development. Co-injection of  
miR-7 duplex along with miR-7 morpholinos improved survival rate to around 81% 
when compared to the morphants (~10%) (Table 4.).  Using the miR-7 duplex we 
were able to rescue the phenotype observed in the miR-7 morphants indicating that 
there were no off-target effects.  It needs to be seen if this restores the level of Pax6, 





Figure 13. Rescue of the miR-7 morphant phenotype by co-injection of miR-7 
morpholino and miR-7 duplex (B) Injection of miR-7 duplex (D) or miR-7 
morpholino alone elicit opposite effects on Wnt:mCherry and Shh:GFP expression, 
compared to mism MO-injected controls. (C) Co-injection of 7DP and miR-7 
morpholino can rescue both conditions, eliciting an almost normal phenotype. All 
panels show the hypothalamic region of 48 hpf embryos in lateral view, anterior to 
the left. White arrowheads specifically indicate the hypothalamic signal of the 
Wnt:mCherry reporter.(E): Quantitative analysis of reporter signals in all 
experimental conditions; measures refer to the hypothalamic region only. Error bars 
represent STDEV with experiment done thrice. Sample size n=5 was used for 
quantification using the Volocity software. The same phenotype was observed in 














Table 4: Rescue of miR-7 knockdown by co-injecting miR-7 duplex 
% Embryos which survive from each of the six treatments. Both miR-7 miR-
duplex, mature morpholino and loop7a morpholino injected embryos resulted in 
more delay in development. It was observed that the embryos rescued by ectopic 
expression of miR-7 along with microRNA-7 morpholino were normal in 






CHAPTER 4: DISCUSSION 
 
 
4.1 microRNA-7 is a negative regulator of the Wnt-β catenin signaling 
pathway by directly targeting TCF4 and TCF12 
 
Using microarray analysis and target scan software we identified miR-7 to target 
the bHLH transcription factors Pax6 , TCF4 and TCF12 which all have common 
motif for miR-7 binding (GUCUUCC). We also validated them to be direct targets 
by luciferase reporter assay and western blot. Stabilization of the β-catenin/TCF4 
complex has been found to inhibit oligodendrocyte differentiation (Rosenberg and 
Chan 2009). MiR-7 overexpression results in the production of more number of 
Olig2+ cells and increase in PDGFRα transcript indicating the decrease in TCF4 
protein levels could be the reason for the observed phenotype. TCF12 has been 
known to be an important factor for neuronal precursor cell proliferation 
(Uittenbogaard and Chiaramello 2002). MiR-7 overexpression results in decrease 
in TCF12 protein level hence it should result in decrease in number of neuronal 
precursors which is the reason why we observe less neurons at later time point. 
Pax6 is an important marker for neural progenitor cells and it has been observed 
that Pax6-/- mutants exhibit premature neurogenesis with concurrent depletion of 
the progenitor pool (Quinn, Molinek et al. 2007). MiR-7 overexpression shows a 
similar phenotype in both zebrafish and cell lines. Hence it’s clear that miR-7 
overexpression phenotype correlates to the loss of function of target phenotypes 
indicating they are direct targets of microRNA-7. TCF4 and TCF12 are 
downstream effectors of canonical Wnt-β catenin pathway.  
Our study from cell lines and zebrafish indicates microRNA-7 is a negative 
regulator of the canonical Wnt signaling pathway. MicroRNA-7 knockdown using 
both mature morpholino and co-injection of the loop forms resulted in an increase 
in the Wnt reporter line (containing 7TCF/LEF binding sites) in the ventral part of 
the brain closer to the diencephalon region in zebrafish embryos.  
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MiR-7 knockdown also results in an increase in id3 which is known to be induced 
by the Wnt pathway.  
TOP flash/FOP flash assay serves as a useful tool to measure Wnt signaling activity 
in-vitro. We observed repression of the luciferase activity of about 60% in the 
TOPflash vector in HEK-293T cells transfected with microRNA-7 duplex but no 
change in luciferase activity in the FOPflash vector (with mutant TCF binding sites) 
further confirming microRNA-7 to directly target the Wnt pathway. TCF4 and 
TCF12 are downstream effectors of the Wnt pathway. An increase in TCF proteins 
upon knockdown miR-7 as they are direct targets must be the reason for activation 
of the Wnt pathway as seen from the Wnt reporter line. What functional 
significance this might have and how it can be correlated to the phenotype we 
observed is explained below.  
 
 
4.2 microRNA-7 knockdown results in increase in cell proliferation, number 
of neurons particularly dopaminergic neurons in the ventral forebrain 
 
Knockdown of microRNA-7 resulted in increase in id3+ cells along with increase 
in Wnt+ cells in the ventral diencephalon region (Fig.10.2). Id3 is known to be 
induced by  Wnt signaling pathway and it has also been implicated in the cell cycle 
progression of the neural crest cells (Kee and Bronner-Fraser 2005). Increase in 
PHH3 staining (mitosis marker) was also observed upon miR-7 knockdown 
(Fig.10.3). Wnt has been implicated in cell proliferation as well so miR-7 being a 
negative regulator of Wnt seems to affect cell proliferation. All these data suggests 
that miR-7 knockdown indeed results in increase in number of proliferating cells 
by activating the Wnt pathway. 
Wnt signaling activation has been found to increase number of mature neurons and 
slow down oligodendrocyte maturation (Muroyama, Kondoh et al. 2004). It has 
also been reported recently that Wnt mediated activation of Neurod1 occurs during 
adult neurogenesis (Kuwabara, Hsieh et al. 2009).  
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Canonical Wnt signaling activation has been found to play a role in increasing the 
number of TUJ1+ mature neurons of sensory neurons in the brain (Wang, 
Yamagami et al.).  
Knockdown of microRNA-7 in ReNVM cells resulted in 30% increase in number 
of TUJ1+ mature neurons (Fig.7.3E) and also in H9 NPC differentiation system 
(Fig,8.4). Knockdown of miR-7 resulted in 10% decrease in Olig2+ cells from H9 
NPC differentiation (Fig.12.2) which correlates to Wnt signaling activation 
indicating that these phenotype results due to activation of Wnt signaling.  
Wnt reporter activation upon miR-7 knockdown always seemed to occur in specific 
areas of the ventral part of the forebrain region in zebrafish embryos closer to 
diencephalon and posterior tuberculum. Dopaminergic neurons in zebrafish arise 
from the same regions where Wnt activation was found to occur. Virtual anatomical 
construction using the Vibe-Z software of the gene expression data has clearly 
shown that a subset of Wnt+ cells from the Wnt reporter line are co-localized to the 
TH cells in the ventral diencephalon. Our experiments in zebrafish embryos with 
tyrosine hydroxylase staining of the DA neurons has indicated that knockdown of 
microRNA-7 results in increase in the number of mature DA neurons stained by 
TH. Also in-vitro we observed an increase in DA neurons with knockdown of 
microRNA-7 during the process of differentiation from human NPC. Recent reports 
have shown that activation of Wnt/β catenin pathway is one of the reasons for 
expansion of the DA progenitors and DA neurons in a cell context dependent 
manner (Cong, Schweizer et al. 2004). Canonical Wnt signaling activation has been 
found to increase DA neurogenesis (Castelo-Branco, Wagner et al. 2003) .Studies 
have also shown that β-catenin is involved in DA neuron development and increase 
in levels of β-catenin would result in increase in DA neurogenesis (Tang, Miyamoto 
et al. 2009). 
All these data suggest that knockdown of miR-7 and increase in DA neurons might 
be mediated through the Wnt/β catenin pathway. Knockdown of miR-7 results in 
increase in TCF4 at 96hrs from western blot. 
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Also it’s important to see if there is DA progenitor increase with knockdown of 
microRNA-7. This would completely make us understand at what level exactly is 
microRNA-7 playing a role in DA neuron development.  
 
 
4.3 microRNA-7 overexpression results in decrease in cell proliferation, 
decrease in number of neurons and in a more glial cell lineage particularly 
oligodendrocytes 
 
miR-7 overexpression resulted in decrease in the number of proliferating cells as 
seen from Click-iT Edu assay in ReNVM cells. In zebrafish as well a decrease in 
PHH3 (mitosis marker) was observed upon miR-7 overexpression (Fig.10.3). This 
could be attributed to EGFR being a known target of miR-7 (Ning, Liu et al. 2013) 
and also to the fact that Wnt signaling is involved in proliferation of the progenitor 
cells. It has been observed that Wnt downregulation by miR-7 overexpression 
causes increase in SHH. There has been a recent report which indicates that 
hedgehog overexpression results in early cell cycle exit by shortening the G1 and 
G2 phases in the developing retina (Locker, Agathocleous et al. 2006). All these 
data suggest that microRNA-7 might have a role in regulating the cell cycle and its 
overexpression results in early cell cycle exit. What remains to be seen is which 
phase of the cell cycle miR-7 regulates. 
Early cell cycle exit would mean in increase in differentiation at an early time point. 
Overexpression of miR-7 resulted in precocious neurogenesis as seen in HuC:GFP 
transgenic line in zebrafish embryos at 24hpf which resulted in a decrease in 
number of HuC:GFP cells later on in development (3dpf). microRNA-7 
overexpression resulted in increase in mature neuronal transcripts as seen from 





There was a decrease in TUJ1+ cells both in ReNVM differentiation and from 
human NPC at later stages of development. microRNA-7 overexpression also 
resulted in decrease in DA neurons both in in-vitro differentiation from NPC and 
in zebrafish embryos. Reduction in Wnt signaling has been linked to precocious 
neurogenesis in the telencephalon and other regions of the forebrain (Luo, Chen et 
al. 2007).  
Overexpression of miR-7 results in decrease in Wnt activity which further results 
in increase in the SHH pathway as seen from increase in SHH+ cells in the mid-
hindbrain boundary. Wnt signaling and SHH are known to be antagonistic to each 
other in various cell fate decisions. Induction of SHH activity also is known to 
reduce the number of neurons and increase oligodendrocyte precursor cells in the 
neuroepithelium (Danesin, Agius et al. 2006). 
SHH expression is required for the induction of oligodendrocytes through its 
induction of b HLH factor Olig2  (Kessaris, Fogarty et al. 2006). It has been 
reported to play a role in oligodendrocyte development in the telencephalon and 
spinal cord regions in studies done in mouse embryos .  Overexpression of 
microRNA-7 resulted in an increase in Olig2:GFP+ cells in the hindbrain region 
and closer to the eye. Olig2+ cells increase was also observed in the spinal cord and 
notochord in zebrafish Olig2:mcherry tg line. An increase in Olig2+ cells (20%) 
was observed in-vitro from the differentiation of human neural progenitor cells 
upon miR-7 overexpression.  
Olig2 expression is found to be sufficient in inducing the oligodendrocytes . We 
had observed an increase in transcript levels of PDGFRα on miR-7 overexpression 
in ReNVM cells and from human NPCs as shown before. PDGFRα is a marker for 
oligodendrocytes and hence its increase reveals preference to oligodendroglial 
lineage upon miR-7 overexpression. We also observed an increase in Sox10: GFP 
cells in zebrafish which is a marker for oligodendrocytes (experiment was done 




MicroRNA-7 expression during the process of differentiation was found to be 
upregulated initially and then the expression was found to be less when the mature 
subtypes are being formed. This shows that miR-7 is expressed at an intermediate 
progenitor stage and regulates TCF4, TCF12, and Pax6 protein levels at that 
particular stage.  
It was also observed miR-7 fold change to be higher when the transcript level of 
LMX1A, NURR1 is high when compared to expression of TH indicating 
microRNA-7 to be specific to the DA progenitors (data not shown).  
Our data suggests that miR-7 regulates progenitor cells which have the potential to 
become neurons or oligodendrocytes by directly regulating the Wnt pathway 
through the TCF family. If microRNA-7 is absent it would result in more number 
of neurons being formed in the forebrain region particularly the ventral 
diencephalon area where Wnt is highly activated upon miR-7 knockdown. If 
microRNA-7 was present at very high levels it would give rise to more 
oligodendrocytes and less neurons. Factors which regulate the biogenesis of miR-
7 have been reported recently which make sure that its transcribed in an optimal 
way (Choudhury, de Lima Alves et al. 2013). Timing is a very important factor in 
neural development and as mentioned before neurons and oligodendrocytes need 
to be formed in a timely manner for the efficient functioning of the central nervous 
system. From our data its very clear that microRNA-7 seems to control this timing 
at various steps from cell cycle, neurogenesis and gliogenesis by directly regulating 
the Wnt signaling pathway which controls SHH pathway. And miR-7 needs to be 
present at physiologically optimal levels for the proper functioning of the CNS. The 
illustration below represents the model which we propose from the data obtained 











Figure 14: microRNA-7 regulation of the progenitor cells by targeting the 
canonical Wnt pathway: The model describes the regulation of both the SHH and 
Wnt pathway in controlling cell cycle and the alternative cell fates and timing of 
glia and neurons production in the central nervous system by microRNA-7 
 
 
Our study is not the first of its kind to show the role of a microRNA in regulating 
the Wnt pathway. There have been reports which indicate miR-8 regulates the Wnt 
pathway (Kennell, Gerin et al. 2008) in Drosphila. But our discovery shows the 
role of a microRNA in controlling two alternate cell fates namely glia and   neurons 
in the central nervous system by direct regulation of the Wnt pathway in a 
vertebrate system which has not been shown before.  Also it uncovers the role of a 




CHAPTER 5: FUTURE WORK 
 
We have observed that the microRNA-7 morphant phenotype is rescued by co-
injection of the miR-7 duplex form indicating that the morpholino does not have 
any off-target effects and the phenotype observed is indeed caused due to miR-7 
knockdown. To further check if TCF4 and TCF12 are the main targets of miR-7 we 
are trying to rescue the miR-7 knockdown phenotype by co-injection with TCF4 
and TCF12 morpholinos.  
As discussed earlier miR-7 has a role in regulating the DA neurons of the ventral 
diencephalon region. It’s not clear yet if there is a general increase in the DA 
progenitors which results in increase in mature TH+ DA neurons. We have been 
testing the various DA progenitor markers like NURR1, LMX1A, and MSX1 by 
both immunostaining and qPCR to see if there is an increase with microRNA-7 
knockdown.  
LRRK2 mutant zebrafish model has been recently developed which serves as a 
useful tool to study Parkinson’s disease in-vivo. A reduction of TH+ neurons has 
been observed in the diencephalon region in this mutant model. We are interested 
to look at if knockdown of microRNA-7 could partially rescue the DA loss 
phenotype in this mutant fish and rescue the locomotive defect. One could also use 
the Parkinson’s disease iPS cell lines and derive dopaminergic neurons from them 
and manipulate the microRNA-7 and check if it improves the DA neuron potential. 
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